ENVIRONMENTAL MICROPLASTICS

HoOwW THE SURFACE PROPERTIES OF
MICROPLASTIC PARTICLES DETERMINE
THEIR PARTICLE-CELL INTERACTIONS

Kumulative Dissertation

Zur Erlangung des akademischen Grades einer Doktorin der
Naturwissenschaften (Dr. rer. nat.) in der Bayreuther
Graduiertenschule fir Mathematik und Naturwissenschaften (BayNAT)
der Universitit Bayreuth

vorgelegt von

Anja Franziska Ruth Marie Ramsperger

aus Sigmaringen-Jungnau

Bayreuth, 2023












Die vorliegende Atbeit wurde in der Zeit von (11/2016) bis (4/2023) in Bayreuth am Lehrstuhl Tier-
okologie I (Prof. Dr. Christian Laforsch) und der Arbeitsgruppe Biologische Physik (Prof. Dr. Holger

Kress) unter Betreuung von Herrn Prof. Dr. Christian Laforsch angefertigt.

Vollstindiger Abdruck der von der Bayreuther Graduiertenschule fiir Mathematik und Naturwissen-
schaften (BayNAT) der Universitit Bayreuth genechmigten Dissertation zur Erlangung des akademi-

schen Grades einer Doktorin der Naturwissenschaften (Dr. rer. nat).

Form der Dissertation: Kumulative Dissertation
Dissertation eingereicht am: 17.04.2023

Zulassung durch das Leistungsgremium: 17.05.2023
Wissenschaftliches Kolloquium: 18.12.2023

Amtierender Direktor: Prof. Dr. Jurgen Kohler
Prifungsausschuss:

Prof. Dr. Christian Laforsch (Gutachter)

JProf. Dr. Anke Nélscher (Gutachterin)

Prof. Dr. Stefan Schuster (Vorsitz)

Prof. Dr. Andreas R6mpp

(weiterer Gutachtet: Prof. Dr. Thomas Braunbeck)






wEntschleierung der Wabrbeit ist obne Divergeng, der Meinungen nicht denkbar.

Alexander von Humboldt

WLeh ging hinaus zu einem Spaziergang und beschloss dann, bis zum Sonnenuntergang dran-
Sen zu bleiben, denn ich stellte fest, dass Hinausgehen in Wirklichkeit Hineingeben war.
John Muir






Die vorliegende Arbeit ist als Kumulative Dissertation in englischer Sprache verfasst.

Teile der Arbeit sind bereits in den folgenden Publikationen erschienen:

Nominally identical microplastic models differ greatly in their particle-cell interactions

Wieland, S*, Ramsperger, A F R M*, Gross, W, Lehmann*, M, Witzmann, T, Caspari, A, Obst, M,
Gekle, S, Auernhammer, G K, Fery, A, Laforsch, C, Kress, H (2024)
* shared first authorship

Nature Communications (15) 922

https://doi.org/10.1038/s41467-024-45281-4

Nano- and microplastics: a comprebensive review on their exposure routes, translocation, and fate in humans

Ramsperger A F R M, Bergamaschi E, Panizzolo M, Fenoglio I, Barbero F, Peters R, Undas A,
Purker S, Giese B, Lalyer C R, Tamargo A, Moreno-Artibas V M, Grossart HP, Kithnel D, Dietrich |,
Paulsen F, Afanou A K, Zienolddiny-Narui S, Eriksen Hammer S, Kringlen Ervik T, Graff P, Brinch-
mann B C, Nordby KC, Wallin H, Nassi M, Benetti F, Zanella M, Brehm J, Kress H, Léder M G ],
Laforsch C (2023)

Nanolmpact. (29) 100441
https://doi.otg/10.1016/j.impact.2022.100441.

Repulsive Interactions of Eco-corona-Covered Microplastic Particles Quantitatively Follow Modeling of Polymer Brushes

Witzmann T, Ramsperger A F R M, Wieland S, Laforsch C, Kress H, Fery A, Auernhammer G K
(2022)

Langmuir. (26) 38 (29):8748-8756.
https://doi.org/10.1021/acs.langmuir.1c03204.

From properties to toxicity: comparing microplastics to other airborne microparticles

Wieland, S, Balmes, A, Bender, |, Kitzinger, |, Meyer, F, Ramsperger, A F R M, Roeder, F, Tengel-
mann, C, Wimmer, B H, Laforsch, C, Kress, H (2022)
Journal of Hazardous Materials, 3(1), 128151

https://doi.org/10.1016/j.jhazmat.2021.128151


https://doi.org/10.1016/j.impact.2022.100441
https://doi.org/10.1021/acs.langmuir.1c03204
https://doi.org/10.1016/j.jhazmat.2021.128151

Supposedly identical microplastic particles substantially differ in their material properties influencing particle-cell interac-
tions and cellular responses

Ramsperger, A F R M¥*, Jasinski, J*, Volkl, M*, Witzmann, T, Meinhart, M, Jérome, V, Kretschmer,
W P, Freitag, R, Senker, |, Fery, A, Kress, H, Scheibel, T, Laforsch, C (2022)

* shared first authorship

Journal of Hazardous Materials, 5(3), 425,127961

https://doi.otg/10.1016/j.jhazmat.2021.127961

In sitn Prokaryotic and Enkaryotic Communities on Microplastic Particles in a Small Headwater Stream in Germany

Weig, A; Léder, MGJ; Ramsperger, A F R M; Laforsch, C (2021)
Frontiers in Microbiology, 29(11)
https://doi.org/10.3389/fmicb.2021.660024

Environmental exposure enbances the internalisation of microplastic particles into cells

Ramsperger, A F R M; Bangalore Narayana, VI; Gross, Wolfgang; Mohanraj, John; Thelakkat, Muk-
kundan; Greiner, Andreas; Schmalz, Holger; Kress, Holger; Laforsch, C (2020)

Science Advances, 6(50)
https://doi.org/10.1126/sciadv.abd1211

Structural Diversity in Early-Stage Biofilm Formation on Microplastics Depends on Environmental Medium and Pol-

_ymer Properties

Ramsperger, A F R M; Stellwag, A; Caspari, Anja; Fery, Andreas; Kress, Holger; Léder, MGJ;
Laforsch, C (2021)
Water, 12(11), 3216

https://doi.org/10.3390/w12113216


https://doi.org/10.1016/j.jhazmat.2021.127961
https://doi.org/10.3389/fmicb.2021.660024
https://doi.org/10.1126/sciadv.abd1211
https://doi.org/10.3390/w12113216

Content

page
ADSIIACE wuvriisissnniissssssnrisssssssss s sss e e s s s e e s s e e e e AR e e e e e e R R e S e e RN R e e e e R R e e e R R e e R e 13
ZUSAINIMENTASSUNEZ 1uuusssnsnrrrrssssssssssssssssrssssssassssse e ea s s s a s ss s e e e e ea s s s s a s nnn s e e e enaas s nannns 15
List Of ADDIevIations .uuseeissssssssisssssnesissssssnsimsssssssissssssesssssssssssssssssssssssssssssssssssssnns 17
General INtrodUCHON wuuuuuieeeeesessiiiiisiieeisiees st st sssssss s s s s s s s s s s s sanns 19
Interaction of Organisms with Microplastic Particles .......cceevvviiiiiiiiiiiiiie, 20
Formation and Composition of a Biofilm on Microplastic Particles.......ccccevveiiiiiiinnnee. 21
Formation of an Eco-corona on small Microplastic Particles............cccovvveriiiiiiiiiinnnee. 23
Interactions of Microplastic Particles with Tissues and Cells........ccoevvviiiiiiiiiiiiiiiiiinnnnn. 24
Objectives Of this theSiS .uuuuuummmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm . 26
Hypothesis 1: The surface properties of model microplastic particles determine their
Interactions With CEILS vuvvrrrrruuiri e 27
Hypothesis 2: The environmental exposure alters the surface properties of microplastic
patticles and their interactions with cells ..........ooovviiiiiiiiiii 28
Hypothesis 3: The initial surface properties of polymers determine their interactions with
MUCTOOLZANISINIS 1o et eeeee e e e e e e e e e e e e e e e e e e e e 29
Summary of the articles — Hypothesis L......cccoivmmmiiiiiiiiiininnnniinsssnsssssnsssnnnn, 31
Hypothesis 1: The surface properties of model microplastic particles determine their
Interactions With CEILS vuvvrrrrruuii e 31
Article 1: From Properties to Toxicity: Comparing Microplastics to Other Airborne
MICTOPALTICIES 1uuiiiiviii i 31
Article 2: Supposedly Identical Microplastic Particles Substantially Differ in their
Material Properties Influencing Particle-Cell Interactions and Cellular
RESPONSES s 33
Article 3: Nominally identical microplastic models differ greatly in their particle-cell
IOECLACHOMNS 1+ttt ettt e ettt e ettt e ettt e e et et e et et e e e ee e e e e e e e e e rea s 35
Summary of the articles — Hypothesis IT .....cccccmmmiiiiiiiiiiiiinnnniiisssssssssnsnnnnns 37
Hypothesis 2: Environmental exposure alters the surface properties of microplastic
patticles and their interactions with cells .......coooviiiiiiiiiiiiiii, 37
Article 4: Environmental exposure enhances the internalization of microplastic
patticles into cells ..o, 37
Article 5: Repulsive Interactions of Eco-corona Covered Microplastic Particles
Quantitatively Follow Modelling of Polymer Brushes .............uuveiieeennnns 39

Article 6: Cellular internalization pathways of environmentally exposed microplastic
patticles: Phagocytosis of MactOpinoCytosis?.....oouvviiiiiiiiiiiiiiiiiiieeeeeeenn, 41



Article 7: Nano- and microplastics: a comprehensive review on their exposure
routes, translocation, and fate in humans........cc.ovvviiiiiiiiiiiiiieeeeaeans 43

Summary of the articles — Hypothesis IIL.......ccoiimiiiimiiimiimisini s 45

Hypothesis 3: The initial surface properties of polymers determine their interactions with
IICTOOLGANISINIS 1 vvvvvvtvvetesessetesesssesssssesssssssssssssbsssssssssssssbbssssssssssssssassssssssnnnes 45

Article 8: Structural Diversity in Early-Stage Biofilm Formation on Microplastics
Depends on Environmental Medium and Polymer Properties................. 45

Article 9: In situ Prokaryotic and Eukaryotic Communities on Microplastic Particles
in a Small Headwater Stream in Germany.........cccevvvviviiiiiiiiiinieinineneen, 47

Article 10: Spatio-chemical analysis of the plastisphere using Raman spectroscopy 49

2 1T Y 1 51
L0 T o) 53
Published articles and ManuUSCLIPLS vuvvvrrrrmrsmmmmmnm s —————— 57
ALHCLE 1t 57
From properties to toxicity: comparing microplastics to other airborne
MUCTOPATTCIES . vtteeiiee e ettt 57
ALHCLE 21 79
Supposedly identical microplastic particles substantially differ in their material
properties influencing particle-cell interactions and cellular responses ...... 79
ALECIE Bttt aaaaae 97
Nominally identical microplastic models differ greatly in their particle-cell
ST 0L 2ot Lo3' [ 97
ATTCLE 4 e 145
Environmental exposure enhances the internalization of microplastic particles into
CEllS woiiiiiiiiii 145
B e L TP PP 169
Repulsive Interactions of Eco-corona Covered Microplastic Particles Quantitatively
Follow Modelling of Polymer Brushes ..., 169
ALECLE 6ttt aaeae 185
Cellular internalization pathways of environmentally exposed microplastic particles:
Phagocytosis of MactOpifioCYtOSIS? ..vvviiiiiiiiiiiiiiiiiiiiiiiiecieeeeeeee e 185
ALHCLE 7 ettt 209
Nano- and microplastics: a comprehensive review on their exposure routes,
translocation, and fate in hUMANS .....vuiviruieeeii e e e e e 209
ATHCLE 8ttt 231
Structural Diversity in Early-Stage Biofilm Formation on Microplastics Depends on
Environmental Medium and Polymer Properties ..........ccccuvveiinineiiinnns 231
ATTCIE O e 259

In situ Prokaryotic and Eukaryotic Communities on Microplastic Particles in a Small
Headwater Stream in Germany...........coeevvviiiiiiiiiiiiiiiiiiceceeeceeeeeeee 259



B2 ool (< P 279

Spatio-chemical analysis of the plastisphere using Raman spectroscopy.............. 279

S 5§ T 321
List Of PUDLICAtIONS . 1uuuuurssrrrrrnnnnnsssssssssrnrrssssssssssssr s sssssssass s s ssasss s s s e e e s s mmnnsssanss 329
Publications in PEER-Reviewed Journals............cooooiiiiiiiiiiiiiiiiiiiieeeee 329
BOOK CRapter..couuuueeeeeeeaeeeaaittee et e e e e e e e s et e e e e s e e s e et e e e e e e aaannbnereeeeaeaaaaans 331
NON-PEER-REVIEWED CONTRIBUTIONS. ...t 331
CONFERENCE CONTRIBUTIONS ....cccuiitauirrmairsasirsmssssasssmssssssssnssssnsssssasssens 332
INVITED TALLS .ot e e e e e e e e e e e e e eenns 332
ACKNOWIEAZEIMENTS trrrrrrrrrrrrrrrrrrrrsrsrsssssssssssssssssssssssssserrrrrrssearrrrrrrrrrrrrasrsssssnssrsnnnn 333

(Eidesstattliche) Versicherung und EfklAtung .uuueeeeeeeeeesssssssssssssmmssssssmsssmssmmmmsmsmmmn. 335






Abstract

Abstract

The contamination of ecosystems with plastic particles is a global challenge that needs, due to its com-
plexity, to be addressed by interdisciplinary research. Plastic particles were detected in every environ-
mental compartment, where the particles eventually can interact with their surrounding. This interac-
tion can be anything from the attachment of biomolecules and microorganisms on the surface of par-
ticles, over their uptake by organisms, up to the translocation of particles from exposed organs to other
tissues, e.g. via cellular internalization. Interestingly, the interaction of an organism with plastic particles
has been described to increase with decreasing particle sizes. Therefore, increased attention is paid to
so-called microplastics, defined as particles < 5 mm. However, the pure definition of microplastics by
their sizes is way too simplified to understand their potential adverse effects on the environment, or-
ganisms and human health. Microplastic is a hypernym of a plethora of different polymer types, each
with specific and unique properties. However, the evaluation of the potential hazards deriving from
microplastics currently relies on the controlled exposure of cells and organisms to model polystyrene
microplastic particles. Although supposedly identical particles were used in different studies, the re-
ported results varied tremendously. While some studies found toxic effects on cells and organisms,
others reported that the model microplastic particles were non-toxic or not harmful to organisms. Since
the bulk material of model microplastic particles used in effect studies is polystyrene (PS), the differ-
ences between the reported results are probably not polymer-based but must derive from other particle

properties.

In my PhD thesis, I combine three interrelated topics that, in the end, all address one overall question:
How do the surface properties of microplastic particles affect their interaction with cells and microor-
ganisms? The three interrelated topics are (1) how the initial surface properties determine the particles’
reactivity towards cells, (2) how the environmental exposure alters the surface properties of micro-
plastic particles and whether this affects the particles’ reactivity towards cells, and (3) whether the initial
surface properties of microplastic particles of different polymer types determine their reactivity towards

their interaction with microorganisms under laboratory and natural conditions.

(1) I investigated how the initial surface properties of model microplastic particles affect their interac-
tions with cells and showed that supposedly identical microplastic particles substantially differ in their
properties. Here, it crystalized that especially the zeta-potential may be one of the driving factors in
how the model microplastic particles interact with cells and, subsequently, of cellular responses. How-
ever, not only the initial surface properties of model microplastic particles may determine their inter-
actions with cells, but additional surface alterations may contribute to a potential health risk deriving

from microplastic pollution.

(2) Under natural conditions, organisms and humans are mainly not exposed to pristine model micro-
plastic particles but rather to particles that were previously exposed to the environments. Here, bio-

molecules can attach to the surface of microplastic particles, forming an eco-corona. Therefore, in the
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second topic of my PhD project, I addressed this aspect by analyzing if the environmental exposure of
microplastic particles alters the particles' surface and whether this affects their interactions with cells. I
showed for the first time that the coating of micrometre-sized microplastic particles with an eco-corona
alters the physicochemical and mechanical properties of the particles. Furthermore, I was the first to
show that this coating with an eco-corona enhances the particle-cell interactions and subsequent inter-
nalization of the particles, indicating that the eco-corona is acting like a trojan-horse facilitating the

internalization into cells.

(3) Based on the knowledge I have obtained from the first two topics of my PhD thesis, I wanted to
shed light on whether the surface properties of different polymer types lead to a different formation
and composition of a biofilm on larger microplastic patticles. I found distinct biofilm formations and
compositions on different polymer types under laboratory and natural conditions, due to the different
properties of the different polymer types. Therefore, my previous findings that the surface properties
determine the interactions between particles and cells is also true for the complex formation of a bio-
film. Finally, I propose that the differences in the biofilm composition lead to defined variations in
Raman bands, which can be used as a spectral variation library, enabling the detection of microplastic

particles in environmental samples without the time and cost-consuming purification protocols.

The work presented in my PhD thesis clearly and unanimously emphasises the importance of the sur-
face properties of microplastic particles for their interactions with biota. The key message of my thesis
is that in future experiments, the microplastic particles used in effect studies must be thoroughly char-
acterized. Furthermore, I highly recommend using environmentally exposed microplastic particles
coated with an eco-corona since the use of pristine particles may lead to an underestimation of the risk
deriving from plastic pollution since pristine particles interact significantly less with cells compared to

environmentally exposed particles.
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Zusammenfassung

Zusammenfassung

Die Verschmutzung von Okosystemen mit Plastikpartikeln ist eine globale Herausforderung, die auf-
grund ihrer Komplexitit durch interdisziplinire Forschung angegangen werden muss. Kunststoffpar-
tikel wurden in allen Umweltkompartiment nachgewiesen, wo die Partikel letztlich mit ihrer Umgebung
interagieren kénnen. Diese Interaktion kann von der Anhaftung von Biomolekilen und Mikroorganis-
men an der Oberfliche eines Partikels iiber die Aufnahme durch Organismen bis hin zu deren Ubet-
gang mittels zelluldrer Internalisierung von exponierten Organen in andere Gewebe reichen. Interes-
santerweise nimmt die Interaktion eines Organismus mit Kunststoffpartikeln mit abnehmender Parti-
kelgréB3e zu. Daher wird dem so genannten Mikroplastik, das als Plastikpartikel mit einer Gré3e von
weniger als 5 mm definiert ist, erhéhte Aufmerksamkeit geschenkt. Die reine Definition von Mikro-
plastik anhand seiner GréBe ist jedoch viel zu vereinfacht, um seine potenziell schidlichen Auswirkun-
gen auf die Umwelt, Organismen und die menschliche Gesundheit zu verstehen. Mikroplastik ist ein
Oberbegriff fiir eine Vielzahl verschiedener Polymertypen, die jeweils spezifische und einzigartige Ei-
genschaften aufweisen. Die Bewertung der potenziellen Gefahren von Mikroplastik beruht jedoch det-
zeit auf der kontrollierten Exposition von Zellen und Organismen gegeniiber Modellpartikeln aus Po-
lystyrol (PS). Obwohl in verschiedenen Studien vermeintlich identische Partikel verwendet wurden,
variierten die Ergebnisse enorm. Wihrend in einigen Studien toxische Wirkungen auf Zellen und Ot-
ganismen festgestellt wurden, berichteten andere, dass die Modell-Mikroplastikpartikel nicht toxisch
oder nicht schidlich fir Organismen sind. Da das Hauptmaterial der in den Effektstudien verwendeten
Modell-Mikroplastikpartikel PS ist, sind die Unterschiede zwischen den berichteten Ergebnissen wahr-
scheinlich nicht auf das reine Polymer zuriickzufithren, sondern miissen durch andere Partikeleigen-

schaften bedingt sein.

In meiner Doktorarbeit kombiniere ich drei miteinander verbundene Themen, die letztendlich alle auf
cine Ubergeordnete Frage abzielen: Wie beeinflussen die Oberflicheneigenschaften von Mikroplastik-
partikeln ihre Interaktion mit Zellen und Mikroorganismen? Die drei miteinander verbundenen The-
men sind (1) wie die urspringlichen Oberflicheneigenschaften die Reaktivitit der Partikel gegentiber
Zellen bestimmen, (2) wie die Umweltexposition die Oberflicheneigenschaften von Mikroplastikparti-
keln verindert und ob dies die Reaktivitit der Partikel gegentiber Zellen beeinflusst, und (3) ob die
urspringlichen Oberflicheneigenschaften von Mikroplastikpartikeln verschiedener Polymertypen ihre
Reaktivitit in Bezug auf ihre Interaktion mit Mikroorganismen unter Labor- und natiirlichen Bedin-

gungen bestimmen.

(1) Ich untersuchte, wie sich die urspriinglichen Oberflicheneigenschaften von Modell-Mikroplastik-
partikeln auf ihre Wechselwirkungen mit Zellen auswirken und konnte zeigen, dass sich vermeintlich
identische Mikroplastikpartikel in ihren Eigenschaften erheblich unterscheiden. Dabei kristallisierte
sich heraus, dass vor allem das Zeta-Potential einer der treibenden Faktoren fur die Interaktion der

Modell-Mikroplastikpartikel mit Zellen und damit auch fir die zelluliren Reaktionen sein kann. Doch
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nicht nur die urspriinglichen Oberflicheneigenschaften von Modell-Mikroplastikpartikeln kénnen ihre
Wechselwirkungen mit Zellen bestimmen, sondern auch zusitzliche Oberflichenverinderungen kén-

nen zu einem potenziellen Gesundheitsrisiko durch Mikroplastikverschmutzung beitragen.

(2) Unter natiirlichen Bedingungen sind Organismen und Menschen meist nicht reinen urspriinglichen
Modell-Mikroplastikpartikeln ausgesetzt, sondern eher Partikeln, die zuvor in der Umwelt exponiert
waren. Hier kénnen sich Biomolekiile an die Oberfliche von Mikroplastikpartikeln anlagern und eine
so genannte Oko-Korona bilden. Im zweiten Teil meines Promotionsprojekts untersuchte ich daher,
ob die Umweltexposition von Mikroplastikpartikeln die Oberfliche der Partikel verdndert und ob dies
ihre Wechselwirkungen mit Zellen beeinflusst. Ich konnte als Erste zeigen, dass die Beschichtung von
Mikroplastikpartikeln mit einer Oko-Korona die physikochemischen und mechanischen Eigenschaften
der Partikel verdndert. Dartiber hinaus konnte ich erstmals zeigen, dass die Beschichtung mit einer
Oko-Korona die Wechselwirkungen zwischen Partikel und Zelle und die anschlieBende Internalisie-
rung der Partikel begiinstigt, was darauf hindeutet, dass die Oko-Korona wie ein trojanisches Pferd

wirkt, das die Internalisierung in Zellen erleichtert.

(3) Ausgehend von den Erkenntnissen, die ich in den ersten beiden Themen meiner Doktorarbeit ge-
wonnen habe, wollte ich herausfinden, ob die urspriinglichen Oberflicheneigenschaften verschiedener
Polymertypen zu einer unterschiedlichen Bildung und Zusammensetzung eines Biofilms auf gréfleren
Mikroplastikpartikeln fithren kénnen. Ich fand unterschiedliche Biofilmbildungen und -zusammenset-
zungen auf verschiedenen Polymertypen unter Labor- und natirlichen Bedingungen, was auf die un-
terschiedlichen Eigenschaften der verschiedenen Polymertypen zuriickzufithren war. Daher gilt meine
frithere Feststellung, dass die Oberflicheneigenschaften die Wechselwirkungen zwischen Partikeln und
Zellen bestimmen, auch fiir die komplexe Bildung eines Biofilms. Basierend auf diesen Ergebnissen
zeigten wir, dass die Unterschiede in der Zusammensetzung des Biofilms zu definierten Variationen in
den Raman-Banden fithren kénnen, die als Bibliothek fir spektrale Variationen verwendet werden
kénnen und den Nachweis von Mikroplastikpartikeln in Umweltproben ohne die zeit- und kostenin-

tensiven Reinigungsprotokolle erméglichen.

Die in meiner Dissertation vorgestellte Arbeit unterstreicht eindeutig und einstimmig die Bedeutung
der Oberflicheneigenschaften von Mikroplastikpartikeln fiir ihre Wechselwirkungen mit Biota. Die
Kernaussage meiner Arbeit ist, dass in zukiinftigen Experimenten die Mikroplastikpartikel, die in Ef-
fektstudien verwendet werden, griindlich charakterisiert werden miissen. Dariiber hinaus empfehle ich
dringend, umweltexponierte Mikroplastikpartikel zu verwenden, die mit einer Oko-Korona beschichtet
sind, da die Verwendung von reinen Partikeln zu einer Unterschitzung des Risikos ausgehend von der
Plastikverschmutzung fihren kann, da reine Partikel im Vergleich zu umweltbelasteten Partikeln deut-

lich weniger mit Zellen interagieren.
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List of Abbreviations

CP-AFM Colloidal probe atomic force microscopy

EPS Extrapolymeric substances

IeG Immunoglobulin G

LC-MS/MS Liquid chromatography-mass spectrometry/mass spectrometty
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NMR Nuclear magnetic resonance spectroscopy

PA Polyamide

PCA Principle component analysis

PE Polyethylene

PET Polyethylene terephthalate

PP Polypropylene

PS Polystyrene

PVC Polyvinyl chloride

ROS Reactive oxygen species

SEM Scanning electron microscopy
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General Introduction

General Introduction

Never before have the beneficial properties of plastic been so evident as in the time of the SARS-CoV-
2 pandemic. Personal protective equipment like medical face masks and FFP-2 masks are made of
plastic materials and are deposited after usage. Therefore, plastic materials help prevent infections and
help treat infected patients who need ventilation due to a severe disease course. Even the development
and production of vaccines would not have been possible in such a manner without sterile single-use
plastic materials. Nevertheless, although the need for sterile medical plastic products and personal pro-
tective equipment tremendously increased during the pandemic, the medical sector still plays a minor
role in the overall demand for plastic materials. In 2020, the sector with the highest share of the 367
million tons of plastic produced worldwide was the packaging sector, with 40.5% (Plastics Europe,
2021). One advantage of plastic packaging materials is the reduction of transportation costs and the
extension of the shelf life of food items (Chemical Sciences and Society Summit, 2020; Robertson,
2016; White & Lockyer, 2020). These examples are only a few of many to highlight the favourable

properties of the polymers.

Plastic is a hypernym of a plethora of polymers, each having specific and unique properties for specific
applications. Amongst the most often produced synthetic polymer types in 2020 are Polyethylene (in
low and high density, PE), Polypropylene (PP), Polystyrene (extruded and solid, PS), Polyvinyl chloride
(PVC), and Polyethylene terephthalate (PET) (PlasticsEurope, 2021). In general, plastics are light-
weight, have high plasticity and durability with relatively low production costs, leading to an increased
demand for plastic products (Barnes et al., 2009) and, therefore, mass production. As soon as a plastic
product is no longer needed, it is often disposed of. Although the circular economy of plastic materials
is gaining more and more attention (World Economic Forum, 2016), there is still a non-negligible share
of plastic directly entering the environment. Besides the intentional release into the environment or the
disposal of plastic waste into uncompacted pits and landfills, the improper treatment of wastewater
(GESAMP, 2016) or tyre abrasion (Knight et al., 2020; Kole et al., 2017; Verschoor et al., 2016) are
sources of plastic waste. Here, the properties of the plastic materials mainly define their fate in the
environment. For instance, the high durability of plastic materials turns into an environmental problem

since this property conversely leads to the accumulation of plastics in the environment.

Since the eatly 1970s, when one of the first studies on plastic waste in the marine environment was
published (Carpenter & Smith, 1972), the monitoring of plastic pollution steadily increased, resulting
in the fact that plastic is everywhere. Plastic was detected in all environmental compartments, from the
marine (Andrady, 2011; Carpenter & Smith, 1972; Thompson et al., 2004) and limnetic (D1is et al.,
2015; Imhof et al., 2013; Piehl et al., 2019) to the terrestrial compartment (Moller et al., 2020; Piehl et
al., 2018) and even in the atmosphere (Dris et al., 2016; Gasperi et al., 2015, 2018; Kernchen et al,,
2021; C. Liu et al., 2019; Stanton et al., 2019; Vianello et al., 2019). However, the occurrence of plastic

pollution does not necessarily correlate with direct anthropogenic activities since plastics were found
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in remote regions like islands (Imhof et al., 2017), the poles (Lacerda et al., 2019; Ross et al., 2021), and
even in the deep sea (Woodall et al., 2014). Although the methods for monitoring plastic pollution are
constantly developing and improving (Méller et al., 2020; O’Connor et al., 2019), we are still far from
understanding the extent of the actual amount and concentrations of plastic materials occurring in

nature.

Plastics in the environment are usually classified by size, shape, and polymer type. Larger plastic items
are defined as macroplastics (> 20 mm) and followed by mesoplastic (20 — 5 mm) (Barnes et al., 2009).
The study of Thompson et al. (2004) first described plastic particles of microscopic size, which was the
starting point of focussing on the so-called microplastic particles. However, almost two decades later,
there is still no official definition of the actual size range of microplastics. Arthur et al. (2009) defined
a highly accepted and used upper size limit of 5 mm. Since then, many improvements in sampling and
analysing smaller particles have been established, but there is still no definition for the actual lower size
limit. It has mostly been set between 1 to 20 um (Frias & Nash, 2019), which also depends on the scope

of the study. In my PhD thesis, I will refer to the lower size limit of 1 um for microplastic particles.

Next to size, microplastic particles found in the environment can be differentiated into primary and
secondary microplastic particles. Primary microplastics are intentionally produced in small sizes, like
raw pellets or particles added to cosmetics. Secondary microplastic results from the fragmentation of
larger plastic items (Barnes et al., 2009; GESAMP, 2016) or tyre abrasion particles (Knight et al., 2020;
Sommer et al., 2018). The mechanisms of fragmentation that have been described most frequently in
the literature and are therefore of high evidential value are mechanical fragmentation, UV radiation,
oxidation and hydrolysis (Barnes et al., 2009; Gerritse et al., 2020; Meides et al., 2021, 2022). Those
processes lead to the leaching of additives and shortening of the polymer chains, eventually making
them brittle and releasing particles in the micro-and nanometre size range (Gerritse et al., 2020). In this
context, Meides et al. showed that the fragmentation of PS is a two-stage process, where photooxida-
tion at the near-surface layer is the first step, followed by microcrack formation and particle rupturing,
eventually releasing a multitude of even smaller particles (Meides et al., 2021). However, since the var-
ious polymer types with their unique initial properties may have different mechanisms of fragmentation,
it is undeniable that microplastics occur as a highly heterogeneous group in the environment, making
it challenging to draw generally valid conclusions. Here the properties of the microplastic particles, like
their density and broad size range, determine their occurrence in natural habitats and consequently

allow the interaction of different organisms with the particles.

Interaction of Organisms with Microplastic Particles

Among the more obvious and well-described direct effects of plastic pollution is the entanglement in
lost fishing gear leading to injuries or immobility, and the ingestion of plastic items leading to a false

feeling of satiation and starvation (Laist, 1997). Furthermore, with decreasing sizes, the potential risks
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deriving from particulate matter increase (Anbumani & Kakkar, 2018; Jeong et al., 2016; Khadka et al.,
2014), which makes microplastic particles available to a wide variety of organisms, ranging from uni-
cellular organisms (Bulannga & Schmidt, 2022) to invertebrates (Brehm et al., 2022; Browne et al., 2008;
Desforges et al., 2015; Devriese et al., 2015), up to vertebrates (Lu et al., 2010).

The main entry pathways for microplastics into the body are via inhalation and ingestion (Wright &
Kelly, 2017). Upon uptake of microplastic particles, one potential risk is the translocation from the
primarily exposed organs into surrounding tissues. The translocation of microplastic particles was al-
ready indicated more than a decade ago for marine mussels (Browne et al., 2008; von Moos et al., 2012).
Since then, the evidence of microplastic particles translocation into tissues has increased since it has
been shown in various species, ranging from invertebrate (Brehm et al., 2022; Browne et al., 2008;
Messinetti et al., 2019; von Moos et al., 2012) up to vertebrate species (Zeytin et al., 2020), including
mammals (Fournier et al., 2020; Hodges et al., 1995; Z. Liu et al., 2022). After administring PS model
nanoplastic particles into the lung (Fournier et al., 2020) or gastrointestinal system (Liu et al., 2022) in
mammals, the translocation was not only observed in other tissues (Liu et al., 2022) but even across
the placental barrier and consequently are present in the foetal tissue which may impact the health of
the offspring after birth (Fournier et al., 2020). The observation that plastic particles can translocate
into tissues is not only true for laboratory experiments using model microplastic particles. For example,
Barboza et al. (2020) showed microplastic particles in the dorsal muscel of three wild fish species. This
finding is highly interesting since particles in the environment are substantially different to pristine
model microplastic particles mainly used in laboratory experiments. To date, it is not understood how
the microplastic particles used in laboratory studies or under natural conditions can overcome biolog-
ical barriers leading to their translocation and fate within an organism. Besides the size of the particles,
their initial surface properties and surface alterations due to environmental exposure may play a decisive
role in particle uptake and tissue translocation. For instance, it has been shown that the environmental
exposure alters the surface of a particle that consequently leads to enhanced ingestion by organisms
(Hodgson et al., 2018; Vroom et al., 2017). The authors suggest that the enhanced ingestion is due to
a higher palatability of the particles due to the coating with a biofilm (Hodgson et al., 2018; Vroom et
al.,, 2017).

Formation and Composition of a Biofilm on Microplastic Particles

By definition, a biofilm is a community of microorganisms releasing extracellular polymeric substances
(EPS) to attach to different surfaces. It can consist of either single-microbial species, e.g. infections, or
multiple microbial species predominantly occurring in natural environments (O Toole et al., 2000). A
biofilm can develop in any environment that provides a moist surface (Sutherland, 2001), including
plastics in the environment (Lobelle & Cunliffe, 2011; Oberbeckmann et al., 2015; Rummel et al., 2017).
The surface properties of the substratum play a decisive role in microbial colonisation with enhanced

colonisation for rough, hydrophobic and non-polar surfaces (Donlan, 2002). Most plastic materials
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show hydrophobic surfaces (Leeden & Frens, 2002; Zettler et al., 2013), further facilitating biofilm
formation. Biofilm development is mainly described as occurring in five successive steps (O Toole et
al., 2000; Renner & Weibel, 2011). First, microorganisms reversibly attach to surfaces via pili, flagella,
or membrane proteins and further extrude EPS, which initiates the second step of biofilm formation.
The EPS mainly consists of water, secreted proteins and polysaccharides, DNA and RNA, ions, and
particulate matter like detritus from the surrounding environment (Sutherland, 2001). At this point,
microorganisms have already irreversibly attached to the surfaces, proliferate, form smaller colonies,
and release additional EPS within the third step. The ongoing proliferation leads to the formation of
three-dimensional structures, described as the fourth step: the maturing of a substantial biofilm. Lastly,
cells can detach from the biofilm again and colonise newly available surfaces (O Toole et al., 2000;
Renner & Weibel, 2011b). At the beginning of my PhD project little was known about the biofilm
formation on microplastics particles, especially in freshwater environments. Particularly if the initial
surface properties of different polymer types determine the formation and composition of a biofilm
was not in the focus in microplastic research. But why is it important to investigate the biofilm for-

mation on microplastic particles?

A biofilm's formation on a microplastic particles' surface tremendously changes its properties, leading
to different environmental behaviour. For instance, it has been shown that marine biofilms on plastics
can inhabit algae species associated with alga blooms or the presence of Vibrio, a human pathogenic
bacteria (Kirstein et al., 2016a; Zettler et al., 2013). Furthermore, plastic particles are transported pas-
sively within the environment, which means that associated biofilms are transported between different
environments leading to a potential increase in invasive species (Gregory, 2009). However, a plastic
particle coated with a biofilm is not only transported between different environments but also within a
single environment. A positive buoyant particle coated with a biofilm starts to sink in the water column
due to a heavier weight (Semcesen & Wells, 2021), making the particle available to a range of aquatic
organisms (Imhof et al., 2013). As already mentioned, the biofilm on the surface of a particle can lead
to a higher likelihood of being ingested (Hodgson et al., 2018; Vroom et al., 2017), consequently in-

creasing the bioavailability of microplastic particles.

Hatlier in this thesis, I described the potential of a microplastic particle to translocate from a primarily
exposed organ to other tissues and the circulatory system. However, translocation is only possible for
particles in the lower micrometre size range and even smaller. Forming a biofilm on a single particle of
such small size is impossible, as bacteria are in the same size range as the particles themselves and,
therefore, unable to attach. However, the surfaces of particles in the micrometre size range are also
altered due to environmental exposure. Here, the surface alterations can be anything from simple
changes in functional groups (Mao et al., 2020) to the coating with very complex biological matrices,
like eco-coronas (Galloway et al., 2017; Sutherland, 2001). At the beginning of my PhD project, it was
discussed whether these surface alterations may affect the particles’ reactivity towards cells. To under-

stand how the alterations of the surface properties of a particulate matter may determine its reactivity
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towards cells, some basic understanding of a corona-formation is essential, which will be summarized

in the following,.

Formation of an Eco-corona on small Microplastic Particles

Most of the findings on the formation of coronas on patticle surfaces originate from nanomaterial
sciences. Those studies mainly used biological media, like blood or serum from a single organism
(Lundqvist et al., 2008, 2011; Tenzer et al., 2011, 2013) or well-defined culture media (Fadare et al.,
2020; Nasser & Lynch, 2016). The obtained coronas on the nanoparticle surfaces consisted of up to
300 proteins and were consequently defined as protein coronas (Tenzer et al., 2013). Several material
properties, like their size and bio-physicochemical surface properties, are essential for developing a
corona. The surface of a particle has higher free energy than the bulk material itself, which means that
biomolecules from the surrounding media will progressively and selectively adsorb to the surface of a
particle (Lundqvist et al., 2008; Monopoli et al., 2012). With increasing nanoparticle size, the thickness
of a corona was found to increase, probably due to the curvature of smaller particles that may cause a
decrease in the binding of larger substances (Nasser et al., 2019). Functionalized nanoparticles show a
size-dependency in the corona composition since only 50% of the proteins were shared between two
different sizes (100 and 50nm). In contrast, plain particles, meaning no additional surface functionali-
zation, of the same sizes shared 80% of the adsorbed proteins (Lundqvist et al., 2008). Tenzer et al.
(2011) conclude that particle size rather quantitatively than qualitatively affects the protein corona since
no mechanisms were described where size alone allows or completely abolishes the binding of specific

proteins.

Within less than half a minute, the first proteins attach to a nanoparticle surface, and the amount of
proteins increases with increasing incubation time (Tenzer et al., 2013). With time a so-called hard
corona emerges, consisting of proteins with high binding affinities. On top of the hard corona, loosely
bound proteins develop a soft corona which is in constant exchange with surrounding biomolecules
(Lundgqvist et al., 2008, 2011; Monopoli et al., 2012). Although the whole protein corona, the hard and
the soft corona, is not a static but rather highly dynamic system, initial bound proteins stay as a finger-

print of the coronas’ history even after the particle enters a different compartment (Lundqvist et al.,

2011).

Once a particle is released into the environment, the surrounding media is much more complex than
in experimental setups. It hosts different pro-and eukaryotes, conditioning the media with metabolites
(Nasser et al., 2019). As a result, a particle released into this soup of organic matter faces a plethora of
different biomolecules (Nasser et al., 2019), consequently coating the particle with a so-called condi-
tioning film (Cooksey & Wigglesworth-Cooksey, 1995; Loeb & Neihof, 1975; Lorite et al., 2011;
Rummel et al., 2017). The often unknown biomolecules occurring within the environmental media

make identifying the constituents of the coating challenging. In literature, the term eco-corona was
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established for the initial conditioning film on microplastic particles in the environment (Galloway et
al., 2017; Nasser et al., 2019; Nasser & Lynch, 2016), to which I will refer to in the following. So far,
the components of an eco-corona were described as proteins, humic and fulvic acids, amino acids,
lipids, polysaccharides and carbohydrates (Galloway et al., 2017; Pulido-Reyes et al., 2017; Rummel et
al., 2017).

These surface alterations may eventually change the particles’ identity, altering the reactivity of the
particles towards organisms, tissues, and cells (Albanese et al., 2014; Monopoli et al., 2012; Nasser &
Lynch, 2016; Pulido-Reyes et al., 2017; Walkey et al., 2012) and are therefore essential to consider in
ecotoxicological studies (Nasser et al., 2019). However, the question remains how the surface altera-
tions due to the coating with an eco-corona may eventually alter the particles reactivity towards cells.
Therefore, in the following I will describe the basic mechanisms how a particle can interact with cells

and tissues.

Interactions of Microplastic Particles with Tissues and Cells

There are basically two pathways of how particulate matter can translocate across biological barriers,
the para- and transcellular pathways. The paracellular pathway describes the transport in between cells,
like through intercellular spaces and tight junctions (Carr et al., 2012). However, this pathway is re-
stricted to molecules or small particulate matter in the nanometre size range (Carr et al., 2012; Frohlich,
2012). The transcellular pathway is the direct interaction of a single cell with particulate matter and the
subsequent cellular internalization. Here, cellular internalization can be subdivided into two steps:
Within the first step, the surface of the particle interacts with the cell either by binding to cellular
receptors (Aderem & Underhill, 1999) or by unspecific (e.g. electrostatic) interactions with the cell
membrane (Forest et al., 2015). Upon adhesion to the cellular membrane, a particle can be internalised
by various mechanisms. Among the different endocytosis mechanisms, phagocytosis and macropino-
cytosis are the ones which are relevant for micron-sized particles (Doherty & McMahon, 2009). Both
phagocytosis and macropinocytosis are actin-dependent mechanisms (Aderem & Underhill, 1999;
Canton, 2018). Phagocytosis is initiated by the interaction of ligands on the surface of a particle with
specific receptors on the cellular membrane (Aderem & Underhill, 1999). A tight-fitting sleeve around
a particle is formed through this direct interaction (Kerr & Teasdale, 2009). On the other hand,
Macropinocytosis is not regulated directly through the interaction of a ligand associated with the parti-
cle surface and a membrane receptor but rather indirectly by the activation of receptor tyrosine kinases
by different growth factors. This activation leads to a global increase in actin polymerisation at the cell
surface and consequently forms membrane ruffles (Kerr & Teasdale, 2009). The process of macropino-
cytosis leads to a more fluid and loosely attached membrane surrounding the engulfed particle. The
different mechanisms of endocytosis for micrometre-sized particles already highlights that the surface

properties of a particle seems to be highly relevant for particle-cell interactions.
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Interestingly, the cellular internalization and the intracellular transport of particulate matter have been
studied since the 1960s using model microplastic particles, mainly PS and latex spheres (Korn &
Weisman, 1967; Weisman & Korn, 1967). Since then, numerous commercial sources providing mono-
disperse model patticles have been established on the market. Here it has to be noted that the com-
mercial availability of a huge size range of the PS model microplastic particles has led to frequent use
in cytotoxicity and ecotoxicology studies investigating the potential effects of microplastic particles on
the ecosystem, organismal and human health. Although the model microplastic particle may be suitable
for understanding basic interaction mechanisms with particles and cells, they are not representative of
microplastic particles in nature. Microplastic particles that occur in the environment, which conse-
quently can be taken up by organisms allowing the particles to interact with cells, are unspecifically
coated with an eco-corona. The coating with an eco-corona makes the environmentally exposed mi-
croplastic particles substantially different from the pristine surface properties of model microplastic
particles. The biomolecules of an eco-corona, such as proteins, could possibly take over the function
as a ligand, leading to a specific interaction with cell membrane receptors and thus initiating the inter-
nalization process. Nevertheless, due to the synthesis of the model microplastic particle, functional
groups (e.g. carboxylic or amin groups) appear on their surfaces, allowing unspecific interactions with
cellular membranes. Although the monodisperse particles available on the market supposedly have
similar properties, the composition and distribution of the functional groups on the surface of model
particles may be different due to the synthesis method, which consequently could lead to differences
in their interactions with cells. Here it has to be noted that the reported results regarding the potential
effects of microplastic particles using the beforementioned model particles were inconsistent. While
some studies found toxic effects on cells and organisms, others reported that the model microplastic

particles were non-toxic or not harmful to organisms.

At the beginning of my PhD thesis it has neither been investigated if the initial surface properties of
model microplastic particles differ, nor if the environmental exposure of microplastic particles leads to
the formation of an eco-corona. Furthermore, a systematic approach to evaluate the importance of the
physicochemical properties of both pristine and environmentally exposed model microplastic particles

for particle-cell interactions was missing.
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Obijectives of this thesis

My PhD thesis consists of three interrelated topics that, in the end, all address one overall question:
How do the surface properties of microplastic particles affect their interaction with cells and microor-
ganisms? I formulated several objectives to find answers to the very broad and open question. First, I
investigated how the initial surface properties of model microplastic particles affect their interactions
with cells and if these properties differ in supposedly identical particles. Second, I analyzed for the first
time if the environmental exposure of microplastic particles alters the particles' surface and whether
this affects their interactions with cells. Third, since the surface properties of the pristine particles al-
ready have a tremendous effect on how they interact with cells, I investigated if this finding exceeds to
the biofilm formation and if we can take advantage of polymer-specific biofilm compositions for mi-

croplastic identification.
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Hypothesis 1: The surface properties of model microplastic particles determine their
interactions with cells

15t objective

Since microplastic particles can still be seen as a relatively new environmental stressor, little is known
about their physico-chemical properties and how these may affect their potential toxicity. However, to
not reinvent the wheel, it makes sense to take advantage of the extensive research conducted on other
particulate matter. Therefore, the 15t objective of my PhD project was to perform a comprehen-
sive literature review on what is already known about the property-related effects of other par-

ticulate matter and how we potentially can transfer this knowledge to microplastic particles

(Article 1).

2nd objective

To date, microplastic particles used for effect studies have mainly been categorised by polymer type,
shape, and size, while their physicochemical surface properties were hardly considered. Although sup-
posedly the same model microplastic particles was used in effect studies, there have been contradictory
statements, with some studies showing adverse effects and others showing none or very little. There-
fore, the 27 objective of my thesis was to unravel if there are differences in the surface proper-
ties of supposedly the same model microplastic particles and whether this may lead to differ-

ences in the cellular responses (Article 2).

31 objective

From the first two objectives, I have learned that one of the main drivers a particle interacts with cells
is the particles' zeta-potential. However, a systematic approach was missing for measuring the correla-
tion of the zeta-potential and the particle adhesion to the cell membrane and subsequent internalization.
Therefore, the 3t objective of my thesis was to systematically analyse how the zeta-potential
of pristine, functionalized and environmentally exposed model microplastic particles affect

their interactions with cells in (Article 3).
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Hypothesis 2: The environmental exposure alters the surface properties of microplastic
particles and their interactions with cells

4% objective

The first three objectives of my PhD thesis mainly focused on pristine model microplastic particles and
their interactions with cells. However, the microplastic particles in the environment do not have a
pristine surface but are coated with an eco-corona. At the beginning of my PhD thesis, nothing was
known about the surface alterations of micrometre-sized microplastic particles due to environmental
exposure. Therefore, the 4t objective of my thesis was to investigate the formation of an eco-
corona on the surface of microplastic particles and if the eco-corona alters the particle-cell

interactions and subsequent particle internalization (Article 4).

5% objective

It is essential to analyze the physico-chemical properties of an environmentally exposed microplastic
particle as precisely as possible to understand their interactions with cellular membranes. Next to the
physico-chemical characteristics of an eco-corona, the mechanical properties may also be a detrimental
factor for particle-cell interactions. Therefore, the 5% objective of my PhD thesis was to under-

stand the mechanical properties of environmentally exposed microplastic particles (Article 5).

6% objective

I showed that the environmental exposure and, therefore, the coating with an eco-corona of a micro-
plastic particle significantly affects their interactions with cells. However, which internalization mecha-
nisms may be involved in the endocytosis process was not understood. Therefore, the 6t objective,
was to shed light on which basic cellular internalization mechanisms occur for microplastic

particles coated with an eco-corona compared to their pristine counterparts (Article 6).
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7t objective

The main question from the public, stakeholders and policymakers is whether microplastics harm hu-
mans. However, since microplastic is a group of different particles with many different properties that
consequently determine their potential effects, it is impossible to answer this question with sufficient
scientific evidence. There is still some lack of knowledge regarding the exposure pathways of humans
to microplastics, the potential translocation mechanisms of microplastics and their fate within human
tissues. Therefore, the 7t objective was to contribute closing this knowledge gap by reviewing
the existing literature on the exposure pathways and setting a particular focus on the factors
determining the tissue translocation of microplastics and whether this matches with found

microplastic particles in the fate studies (Article 7).

Hypothesis 3: The initial surface properties of polymers determine their interactions with
microorganisms

8t objective

In the former objectives of my PhD thesis, I highlighted the importance of the surface properties of
pristine and environmentally exposed microplastic particles for cellular internalization. However, be-
sides the microplastic particles in the micrometre size range, larger particles of hundreds of micrometres
up to millimetres interact with their surroundings in different environments. The extent to which the
surface properties of microplastics play a role in their interaction with microorganisms has been little
studied to date. Therefore, the 8™ objective was to understand how the initial surface properties

of different polymer types determine the early-stage biofilm formation (Article 8).

9% objective

To study the time-dependent biofilm formation on microplastic particles, laboratory conditions are
favourable to understanding the undetlying mechanisms. Since in Article 8, I was able to show a poly-
mer and time-specific development of an eatly-stage biofilm, the question arises whether this is also
true in natural environments. The 9% objective was to understand if the direct exposure of differ-
ent polymer types in a small freshwater stream leads to polymer-specific microbial biofilm

compositions (Article 9).
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10t objective

To date, the isolation and subsequent identification of microplastic particles from environmental sam-
ples is time- and cost-intensive. The organic material must be removed from the environmental sample
to allow the identification of the polymer types with particle-based analytical techniques, e.g. Raman
spectroscopy. However, in the 8t and 9% objectives of my thesis, I was able to show that there are
polymer-specific microbial biofilm development and compositions. Therefore, the 10t objective was
to develope a Raman library of spectral variances due to the polymer-specific coating with a
biofilm, enabling the detection of a polymer coated with a biofilm without the time- and cost-

intensive sample pre-processing (Article 10).
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Summary of the articles — Hypothesis I

Hypothesis 1: The surface properties of model microplastic particles determine their
interactions with cells
Objective 1: Extensive literature review on what is already known about the property-related effects of

other particulate matter and how we potentially can transfer this knowledge to microplastic particles

Article 1: From Properties to Toxicity: Comparing Microplastics to Other Airborne
Microparticles

The term microplastics summarizes a plethora of different polymer types of different sizes, shapes and
physicochemical surface properties. Understanding the potential polymer-related adverse effects would
require many experiments combining all the different properties with different sizes and shapes. To
date, such data is not available, making it difficult to assess the risk associated with microplastics. Since
performing experiments of all possible combinations is not practical, we aimed to identify the most
critical properties of particle toxicity. Therefore, I contributed to an interdisciplinary review article
where we reviewed the literature on well-studied airborne particulate contaminants that are frequently
associated with health risks and classified as hazardous materials, such as asbestos, soot, or wood dust.
We identified essential parameters like particle size, shape, surface charge, eco- and bio-corona, and the
particles’ biopersistence being the main drivers for particle toxicity. By comparing the obtained infor-
mation to existing knowledge on microplastics toxicity, we provide the basis for a mechanistic under-

standing of microplastics toxicity.

As a main result, we identified that the greatest adverse effects from microplastics potentially derive
from very small (with a diameter smaller than 10 um) particles and that surface alteration like ageing or
the coating with an eco-corona can further accelerate their likeliness of toxicity. We furthermore out-
lined future directions for the research on microplastic toxicity. For instance, the microplastic particles
used in an experimental setup should be characterized as well as possible. Here, the zeta-potential of a
particle is a comparably ease-to-measure surface property and is highly recommended to be performed
as a proxy of the particles’ reactivity towards its surrounding, including cells. The use of well-defined
microplastic particles in effect studies will eventually allow conclusions about the main driver of the
particles’ toxicity, similar to the other airborne particles described in the review article. Consequently,
understanding the main drivers of toxicity will enable effective policymaking for finding solutions for
the ongoing discussion on microplastic particle pollution and its” potential adverse effects on the envi-

ronment, organisms and eventually human health.
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Authors: Simon Wieland, Aylin Balmes, Julian Bender, Jonas Kitzinger, Felix Meyer, Anja F. R. M.
Ramsperger, Franz Roeder, Caroline Tengelmann, Benedikt H. Wimmer, Christian Laforsch#, Holger

Kress#
# shared senior author

Status: Published in the Jowrnal of Hagardons Materials (Impact Factor 2021: 14.224);
https://doi.otg/10.1016/j.jhazmat.2021.128151

Own contribution: conceptualization, literature research, manuscript writing (section airborne micro-

plastics 3.1-3.3), revision and finalization of the manuscript.

Author contributions as stated in the published version: H.K. initiated the article. All authors con-
tributed to the conceptualization of the article. H.K., C.L., and S.W. supervised the writing process.
S.W., C.T., and BH.W. wrote the introduction, C.T. wrote Section 2.1, F.M. Section 2.2, J.K. Section
2.3,].B. Section 2.4, A.B. Sections 2.5 and 2.6, AFRM.R. and S.W. Section 3. S.W. wrote Section 4 with
the help of F.R., and S.W. wrote the conclusions. All authors reviewed the manuscript and contributed
to its finalization. J.B. designed the graphical abstract. S.W. designed Figs. 1 and 2 and performed the
SEM preparation and imaging.
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Objective 2: Unravelling differences in the surface properties of supposedly the same model micro-

plastic particles and whether this may lead to differences in the cellular responses

Article 2: Supposedly Identical Microplastic Particles Substantially Differ in their Material
Properties Influencing Particle-Cell Interactions and Cellular Responses

Rozman & Kal¢ikova (2022) stressed in their comprehensive review that the majority of studies used
pristine PS microplastic particles with spherical shapes and sizes between 1-50 um and only half of the
microplastic effect studies took the effort to measure the particles' physicochemical properties. Regard-
ing effect studies on a cellular level, this is even more pronounced. For example, Stock et al. (2021) just
recently stressed that “(...) all existing studies dealing with microplastic uptake and toxicity exclusively
used spherical, monodisperse model polystyrene particles.”. Interestingly, although the numerous stud-
ies investigating the potential effects of microplastics used supposedly identical PS particles, the results
show a large discrepancy, with some studies showing adverse effects and others showing none or very
little. For instance, in toxicity studies of micro-and nanoplastics in mouse models, Stock et al. (2019)
did not reveal histologically detectable lesions or significant signs of inflammatory responses after feed-
ing mice with 1, 4 and 10 pm-sized PS microplastic particles. However, other studies also using PS
model microplastic particles did observe severe effects on the gastrointestinal system, liver pathologies
like inflammatory responses or lipid accumulation using similarly sized particles of 0.5, 5 and 50 um
(Deng et al,, 2017; L. Lu et al., 2018; Luo et al., 2019). These inconsistencies further exceed to 7 vitro
cell models. Some studies observed little or no cytotoxicity for PS particles (Hesler et al., 2019; Rudolph
et al,, 2021; Stock et al.,, 2019), whereas other studies showed significant cytotoxicity (Prietl et al., 2014;

Wu et al., 2019).

I hypothesized that these discrepancies originate from the fact that nominally identical particles from
different commercial sources substantially differ in their physico-chemical material properties and, con-
sequently, their particle-cell interactions and cytotoxicity. We conducted an in-depth characterization
of nominally identical plain PS particles of 3 um in diameter from two different commercial sources.
NMR-spectroscopy revealed significant differences in the particle’s monomer content, and colloidal-
probe atomic force microscopy (cp-AFM) depicted different surface charge densities leading to differ-
ent zeta-potentials. The significantly different surface characteristics of the two particle types signifi-
cantly alter the number of particle-cell-interactions and subsequent internalization by two murine mac-
rophage cell lines. Additionally, cytotoxic effects are correlated to the particles” properties since cells
exposed to particles with a higher negative zeta-potential, and a higher monomer content decreased

cell metabolism and proliferation.

My study was the first to show that nominally identical particles from different commercial sources
tremendously differ in their properties, explaining the varying results in effect studies on microplastics.

We highlight that an in-depth material characterization of microplastics is needed to obtain comparable
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results in toxicology and therefore contributes significantly to assessing risks derived from microplas-
tics. Furthermore, we emphasize that no general statements can be made about the effects of micro-

plastics per se, not even for the same type of polymer in the same size class.

Authors: Anja F. R. M. Ramsperger*, Julia Jasinski*, Matthias V6lkl*, Thomas Witzmann, Marcel
Meinhart, Valerie Jerdme, Winfried P. Kretschmer, Ruth Freitag, Jiirgen Senker, Andreas Fery, Holger
Kress, Thomas Scheibel and Christian Laforsch

* shared first authorship

Status: Published in the Jowrnal of Hazgardous Materials (Impact Factor 2021: 14.224);
https://doi.org/10.1016/j.jhazmat.2021.127961

Own contribution: conceptualization and study design, experiments (particle-cell interactions and cel-
lular internalization), data analysis and figures, interpretation and discussion of results, manuscript writ-

ing, revision and finalization.

Author contributions as stated in the published version: AFRM.R., J.J., M.V, V.J, RF. ]S, AF,
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Summary of the articles — Hypothesis I

Objective 3: Systematic analysis of how the zeta-potential of pristine, functionalized and environmen-

tally exposed model microplastic particles affects their interactions with cells

Article 3: Nominally identical microplastic models differ greatly in their particle-cell
interactions

In literature, it has been described that the zeta-potential plays a decisive role in particle-cell interactions
(Frohlich, 2012; Jeon et al., 2018; Silva et al., 2014). When working on the 1t and 2nd objectives, it
became evident that the zeta-potential is one of the main drivers for microplastic particle-cell interac-
tions. However, the influence of the zeta-potential of nominally identical microplastic particles from
commercial sources on the particle-cell interactions has not been systematically studied. Differences in
the zeta-potential of nominally identical model microplastic particles may determine the expetimental
outcome. Understanding the underlying mechanisms of particle-cell interactions is an integral step in

evaluating the potential toxicity of microplastics.

In article 3, a quantitative and highly multiplexed approach to investigate the role of the zeta-potential
of nominally identical PS model microplastic particles from eight different manufacturers for particle-
cell adhesion and internalization is described. Here, we developed a microfluidic microscopy platform
that uses convolutional neural networks for digital image processing to measure the adhesion strength
of the particles to cellular membranes. We demonstrated that the particle-cell adhesion strength and
the absolute internalization probability increase by multiple orders of magnitude with the increasing
zeta-potential. Furthermore, microplastic particles that eventually interact with cells and tissues under
realistic scenarios are most probably not pristine model microplastic particles but are coated with bio-
molecules from the environment. Therefore, we included microplastic particles coated with an eco-
corona in the analysis and also found a strong correlation between the particles' zeta-potential and their

interactions with cells.

Our results highlight that each nominally identical microplastic particle from any commercial source
substantially differed in its properties, leading to different particle-cell interactions. Thus, I can further
substantiate that one possible reason for the contradictory results in effect studies is the physico-chem-
ical properties of nominally identical particles from different manufacturers. Therefore, I highlight that
it is of utmost importance to thoroughly characterise the microplastic particles used in effect studies,
regardless of whether they are pristine or environmentally contaminated particles. Otherwise, state-

ments about microplastic particles' cytotoxicity cannot be made sufficiently.
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Summary of the articles — Hypothesis II

Hypothesis 2: Environmental exposure alters the surface properties of microplastic particles
and their interactions with cells

Objective 4: The formation of an eco-corona on the surface of microplastic particles and which role

the eco-corona plays in particle-cell interactions and subsequent particle internalization

Article 4: Environmental exposure enhances the internalization of microplastic particles into
cells

At the beginning of my PhD project, the interactions of microplastic particles with tissues and cells
were only carried out with the described model microplastic particles. These model microplastic parti-
cles are often fluorescently labelled or functionalized. In objective 3, we highlighted that particles' func-
tionalization and environmental exposure tremendously affect the particles’ interactions with cells.
Here, I want to focus on microplastic particles coated with an eco-corona since they differ substantially

from model microplastic particles and resemble those occurring in nature.

To that date, we were not aware of any published methods to reliably get an eco-corona on the surfaces
of micrometre-sized microplastic particles. Since the particles were that small (3um), exposing them to
nature was not feasible. For instance, incubating the particles in net cages would either mean that the
particles would get lost, contaminating the environment, or the mesh or pore sizes would be too small
to allow microorganisms or biomacromolecules to enter the space where the particles were located.
Therefore, I decided to use glass vials to incubate the particles directly in the media and refreshed the
incubation media three times a week to allow a healthy and diverse microorganismal community within
the media. To investigate whether the coating of the particles with an eco-corona was successful, we
performed a thorough analysis using SEM, micro-Raman spectroscopy and X-ray photoelectron spec-
troscopy. With all three techniques, we could show the presence of biomolecules on the surface of
microplastic particles exposed to fresh- and salt water. However, we did not detect any signs of bio-
molecules on the surfaces of non-environmentally exposed pristine particles (negative control particles

incubated in ultrapure water) without an eco-corona.

Fluorescence microscopy combined with fluorescently labelled microplastic particles was used to in-
vestigate particle-cell interactions. However, microplastic particles from the environment are usually
not fluorescent, which consequently presents methodological difficulties for particle detection with
standard fluorescence microscopy. Therefore, to be able to distinguish whether a particle has been
internalized by a cell or only binds to the cell membrane, I chose the path of fluorescently labelling the
filamentous actin of the cells. This approach enabled identifying environmentally exposed particles

internalized by cells where the filamentous actin is surrounding the particle.
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Finally, I analyzed whether microplastic particles coated with an eco-corona interact differently with
cells than pristine microplastic particles. As this is a hitherto unexplored aspect and a sensitive topic, I
worked with a high number of replicates. I incubated the microplastic particles either in fresh- or salt
water to obtain an eco-corona on the surface of the particles. Furthermore, I used different control
particles (particles incubated in ultrapure water or functionalized particles coated with antibodies) to
understand the effect on microplastic particle-cell interactions and cellular internalization originating

from the eco-corona.

I showed for the first time that microplastic particles coated with an eco-corona significantly more
often interacted with and became internalized by cells than their pristine counterparts. My results indi-
cate that environmentally exposed microplastic particles may pose more of a health risk to organisms
that ingest these particles than pristine particles usually used in effect studies. The results of this study
allow us to obtain a comprehensive picture of microplastic internalization by cells, which, in turn, will
be indispensable for identifying how microplastic exposure might affect organisms in polluted envi-

ronments.
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Objective 5: Understanding the mechanical properties of environmentally exposed microplastic parti-

cles

Article 5: Repulsive Interactions of Eco-corona Covered Microplastic Particles Quantitatively
Follow Modelling of Polymer Brushes

In the 3 and 4 article of my PhD project, we learned that the surface of microplastic particles is
chemically altered due to incubation in the environmental samples, also altering the particles' zeta-
potential. However, besides the chemical alterations, changes in their physical properties could also
affect the observed enhanced interactions with cells. For instance, the morphology of a particle and the
particles' stiffness may contribute to the described phenomenon of the particles' higher reactivity. Hart-
mann et al. (2015) analyzed the stiffness-dependent internalization and subsequent transport of micro-
particles into cells. They showed that softer particles with a low stiffness are transported faster within
cells than stiffer ones. Now, the question arises if the coating with an eco-corona may change the

stiffness of a particle, potentially affecting the patticles’ internalization.

In article 5, we measured the repulsive forces with cp-AFM of the surface of microplastic particles
coated with an eco-corona and compared the measured forces with their pristine counterparts. We
measured single particle-particle interactions and found a pronounced increase of long-range repulsive
interactions upon eco-corona formation. These repulsive interactions indicate that the formation of an
eco-corona on microplastic particles introduces a soft film on the surface. This film changes the parti-
cles' mechanical behaviour, making the microplastic particles softer. We also have indications that the
thicker the eco-corona gets, the softer the microplastic particle appears. Considering the observation
of Hartman et al. (2015) that soft particles are internalized faster than hard particles, one may assume
that this could also apply to particles with an eco-corona. In article 4, I found that particles incubated
for longer periods in the environmental media show a higher number of particle-cell interactions and
internalization than particles incubated for shorter periods. If we assume that the eco-corona becomes
thicker and thus softer with increasing exposure time, the results described in article 5 would be a

possible explanation for the increased cellular interactions.

Our study helps to further understand the complexity of an eco-corona and highlights that the chemical
propetties of the microplastic patticles' sutface and their physical properties can strongly influence their

interactions with cells.
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Objective 6: Which basic cellular internalization mechanisms occur for microplastic particles coated

with an eco-corona compared to their pristine counterparts

Article 6: Cellular internalization pathways of environmentally exposed microplastic particles:
Phagocytosis or Macropinocytosis?

In articles 3 and 4, we showed that in both environments, fresh- and salt water, an eco-corona develops
on the surface of microplastic particles, altering their physico-chemical properties and, consequently,
their interactions with cells. Interestingly, the origin of an eco-corona seems to play a minor role in the
particles’ reactivity towards cells since we did not find significant differences in their particle-cell inter-

actions.

However, we found slightly different zeta-potentials in article 3, so I assumed that there should be
differences in the composition of the eco-corona since fresh- and salt water are very different environ-
ments. Therefore, in article 6, we investigated the proteinaceous components of the eco-corona derived
from fresh- and salt water using liquid-chromatography-mass-spectrometry/mass-spectrometry (LC-
MS/MS). Interestingly, after correcting for background contamination, the proteinaceous composition
of the eco-corona from fresh- or salt water was distinct. Therefore, I assumed there should be differ-
ences in how the particles interact with cellular membranes, although we did not see significant differ-

ences in our previous observations.

The surface of the plasma membrane is the outer leaflet of a cell communicating with its environment
(Doherty & McMahon, 2009). Basically, cellular internalization can be subdivided into two steps once
a cell encounters foreign particulate matter in the micrometre-size range. Within the first step, the
surface of the particle interacts with the cell either by binding to cellular receptors (Aderem & Underhill,
1999) or by unspecific (e.g. electrostatic) interactions with the cell membrane (Forest et al., 2015). The
biomolecules of an eco-corona, such as proteins, could possibly take over the function as a ligand and
interact with membrane receptors, consequently leading to the adhesion of a particle to the cell mem-
brane. However, the altered zeta-potential of the particles coated with an eco-corona may also deter-
mine their electrostatic interactions. Therefore, investigating the adhesion strength of microplastic pat-
ticles coated with an eco-corona in detail is essential to estimate the underlying mechanisms for particle

internalization.

To investigate the adhesion strength of microplastic particles coated with an eco-corona towards cells,
we used the microfluidic microscopy platform described in article 3. With this approach, we can meas-
ure the forces needed to unbind a particle that attaches to cellular membranes, defining the particles'
adhesion strength. Interestingly, there are no significant differences in the adhesion forces of particles
to cells between fresh- and salt water derived eco-coronas, indicating that the origin of the eco-corona

seems irrelevant to the particle binding strength to cells. This finding is consistent with the results from
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article 5, showing that the enhancement of particle-cell interactions and internalization is independent

of the origin of the eco-corona.

Although we did not investigate differences in the adhesion strength of eco-corona particles towards
cells, the distinct proteinaceous composition of the different eco-coronas may still determine the inter-
nalization mechanisms for microplastic particles. To unravel the mechanisms relevant to internalizing
microplastic particles coated with an eco-corona, we inhibited the most relevant internalization mech-
anisms, phagocytosis and macropinocytosis (Doherty & McMahon, 2009). First, we inhibited phago-
cytosis and macropinocytosis simultaneously (inhibitors: Cytochalasin D and Amiloride) by inhibiting
actin polymerisation. Furthermore, we used Amantadine to inhibit receptor-mediated internalization,
namely phagocytosis. Our results show that macropinocytosis is the main internalization mechanism
for microplastic particles coated with an eco-corona derived from salt water, whereas for the other

particle types both internalization mechanisms seem to be involved.

The results presented in article 6 are highly interesting since they show that the origin of an eco-corona
does not influence the adhesion of a microplastic particle to a cellular membrane, whereas we present
the first results, that the internalization mechanisms depend on the origin of the eco-corona. Based on
our results, further investigations on the specific internalization mechanisms should be conducted to
understand which properties of an eco-corona determine the enhanced microplastic particle-cell inter-

actions and internalization.
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Objective 7: Closing knowledge gaps on the exposure pathways, the factors determining the tissue

translocation and fate of microplastics in human tissues

Article 7: Nano- and microplastics: a comprehensive review on their exposure routes,
translocation, and fate in humans

In the previous work of my PhD thesis, I showed that the surface properties of a microplastic particle
determine their interactions with cells. Furthermore, the eco-corona acts as a game changer since the
initial surface properties are additionally altered, enhancing the likelihood of particle-cell interactions
and subsequent internalization. However, the overall question remains whether or not humans take up
microplastic particles, if the particles interact with biological barriers, which may lead to their accumu-

lation in human tissues, which consequently may induce adverse effects.

In article 7, I initiated an interdisciplinary literature review on the exposure pathways of humans to
nano-and microplastics, describing the potential translocation mechanisms from primarily exposed or-
gans to other tissues and evaluating the knowledge of the fate of microplastic particles in human tissues.
We found the three main exposure pathways of how humans can come in contact with microplastics.
The most important routes are via ingestion of a contaminated vector, inhaling microplastics with am-
bient air, or applying personal care products containing microplastics. To get a detailed overview of the
potential exposure of humans to microplastics, we reviewed the current literature regarding microplas-
tics in drinking water, beverages, and food for ingestion. We focused on the contamination levels of
indoor environments and occupational sites for inhalation of microplastic particles. Furthermore, we
summarized the current knowledge of microplastics in personal care products since those are directly
applied to the skin or mucus membranes. We further summarized the current understanding of the
translocation mechanism of particles from the primarily exposed organ (gastrointestinal tract, lung and

skin) and critically reviewed the current literature regarding the fate of microplastics in human tissues.

The main finding of our review article is that there is a discrepancy between detected particle sizes
described in human tissues and those that can theoretically be translocated. We then critically discuss
that the limitations of the available analytical techniques and the lack or improper description of quality
assurance and quality control are responsible for these discrepancies. Finally, we recommended that
further development of reliable methods for the isolation, purification and analysis of small microplas-
tics and nanoplastics is urgently needed to make accurate statements regarding the exposure and fate

of nano-and microplastics within the human body.
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Summary of the articles — Hypothesis III

Hypothesis 3: The initial surface properties of polymers determine their interactions with
microorganisms

Objective 8: Understanding how the initially different surface properties of different polymer types

determine the early-stage formation of a biofilm

Article 8: Structural Diversity in Early-Stage Biofilm Formation on Microplastics Depends on
Environmental Medium and Polymer Properties

In the first two topics of my PhD thesis, I demonstrated how important the surface properties of
micrometre-sized microplastic particles are for particle-cell interactions. Within the environment, many
more size classes of microplastic particles of different polymer types exist. Here, pro- and eukaryotic
organisms may develop a biofilm on the surface of the microplastic particles. Most studies analyzed
mature biofilms either by incubating the particles for several months or years (Artham et al., 2009;
Hossain et al., 2019; Webb et al., 2009) or analysing microplastic particles isolated directly from the
environment with unknown incubation times (Oberbeckmann et al., 2014; Zettler et al., 2013). At the
beginning of my PhD, it has already been discussed that the surface properties, like the particles’ surface
morphology, surface charge (e.g. zeta-potential) or hydrophobicity, may determine the formation of a
biofilm (Hossain et al., 2019; Rummel et al., 2017). However, a systematic approach was missing to

correlate the initial surface properties with the development of a naturally grown biofilm.

I assumed that the polymers' initial surface properties might contribute the most to the early-stage
biofilm. Therefore, I investigated the time-dependent development of an early-stage biofilm and cor-
related my findings with the particles' initial properties. We measured the initial zeta-potential of three
different hydrophilic polymer types of different chemical compositions (PA-containing amid groups,
PET-containing ester groups and PVC-containing chloride). For a consecutive time-seties (0, 0.5, 1, 2,
5,7, 11, and 14 days), we incubated the particles in two environmentally relevant media, fresh- and salt
water. | analyzed the structural diversity on the surface of the particles by using SEM for each time
point. Similar to what I found for the particle-cell interactions, the initial zeta-potential of the different
polymer types determined the early-stage biofilm formation on the different polymer types. In fresh-
water environments, the microplastic particles made of PA with the highest initial zeta-potential
showed the highest structural diversity, followed by PET with a lower zeta-potential and PVC having
the lowest zeta-potential with the least structural diversity. Interestingly, PVC showed the highest struc-
tural diversity in the salt water treatment, followed by PA and PET. Although our results indicate that
the early-stage biofilm formation depends on the incubation media and the particles’ initial zeta-poten-

tial other properties may also contribute to the observed differences.
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Furthermore, I descriptively discussed the microorganismal structures found on the surfaces of the
particles. Interestingly, I observed microorganismal structures that were only present on PA and PET
microplastic particles incubated in freshwater but absent on PVC. We assume that these microorgan-
ismal structures are attracted explicitly by the properties of PA and PET but are repelled by the prop-
erties of PVC. Overall, we show that less than half a day of incubation already leads to the initiation of
an early-stage biofilm. Furthermore, the structural diversity increased during the incubation time on all
polymer types in both environmentally relevant media, indicating a subsequent development of an
early-stage biofilm. Interestingly, I found signs of extracellular polymeric substances (EPS) on the sur-
face of PET and PVC in the salt water treatment after less than one week. The presence of EPS on a
substrate indicates initiating the second step of biofilm formation, allowing microorganisms to prolif-

erate and form colonies (Renner & Weibel, 2011).

The results described in article 8 once more highlight the importance of the initial surface properties
of microplastic particles since it not only determines their interactions with cells but also their interac-

tions with pro- and eukaryotic organisms within an environment.
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Objective 9: Understanding if the direct exposure of different polymer types in a small freshwater

stream leads to polymer-specific microbial biofilm compositions

Article 9: In situ Prokaryotic and Eukaryotic Communities on Microplastic Particles in a
Small Headwater Stream in Germany

Based on article 8, which results describe a fast and easy-to-measure technique to differentiate the early-
stage biofilm formation on different polymer types under laboratory conditions, the question arises
whether the distinct biofilm formation on different polymer types is also true in nature. The incubation
of microplastic particles under laboratory conditions enables the detailed investigation of single factors
influencing biofilm formation. However, this approach only shows half the truth since seasonal dy-
namics, which can significantly influence the formation and composition of a biofilm (Kaevska et al.,
2010), are missing. Therefore, it is crucial to investigate the biofilm formation and composition grown
under natural conditions directly in the environment. Several studies on the composition of a biofilm
were performed on biofilms from marine aquatic environments (e.g., Oberbeckmann et al., 2015, 2016;
Zettler et al., 2013), whereas data on freshwater biofilms is less abundant (Wright et al., 2021), especially
in small headwater streams. Therefore, we directly exposed microplastic particles in a small headwater
stream in Germany at two different time points within one year (spring and summer, four weeks of
exposure, respectively). We chose four different polymer types (PE, PP, PS and PVC) to investigate if
potential differences in the biofilm formation between polymers occur under natural conditions. We
also used natural control particles made of quartz to elucidate polymer-specific effects. We used 16S
and 18S amplicon sequencing and calculated the order of polymer type-specific pro-and eukaryotic
community distances by Robust Aitchison principal component analysis (PCA). When we conducted
these experiments, it was the first study focusing on prokaryotic and eukaryotic communities. It is
essential to analyse both domains in biofilms, as a prokaryotic biofilm (consisting of bacteria and ar-
chaea) attracts eukaryotic predators such as protists and small metazoans. Analysing both makes it

possible to depict the dynamics of a biofilm.

Our results show that different microplastic particle polymer types were colonized by different pro-
and eukaryotic biofilm communities, irrespective of the season. PE particles always showed the highest
number of detectable bacterial taxa. Significant differences to quartz samples were found for PE (in
16S data) and PP samples (in 18S data). The bacterial composition of the closely clustering PS and PVC
samples in the PCA did not differ, while the reference samples were placed apart from these two pol-

ymer types.

As described earlier in this thesis, it was shown that invertebrates more likely ingest microplastic parti-
cles coated with a biofilm compared to pristine particles (Hodges et al., 1995; Vroom et al., 2017).
Therefore it is essential to closely investigate the composition of a biofilm since it has been described

that pathogenic bacteria can be part of the biofilm community (Kirstein et al., 2016b; Oberbeckmann
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et al., 2016; Zettler et al., 2013) and consequently enter an organism due to ingestion. In article 9, we
did observe pathogenic bacteria, like Enterobacter ludwigit, in all samples and those exhibited a higher

relative abundance in biofilm samples than in water samples.

The results of article 9 are consistent with my previous observations that the properties of a micro-
plastic particle, determined by its’ polymeric origin, lead to a distinct biofilm formation, also under

natural conditions.

Authors: Alfons Weig, Martin G.J. Léder, Anja F. R. M. Ramsperger, Christian Laforsch

Status:  Published  in  Frontiers  in  Microbiology ~ (Impact  Factor  2021:  6.064);
https://doi.org/10.3389/fmicb.2021.660024

Own contribution: Contribution to the interpretation and discussion of results, manuscript writing,

revision and contribution to finalization

Author contributions as stated in the published version: A.W. and C.L. created the project idea.
A.W. conducted the experiment, processed the samples, analyzed that data, and wrote the manuscript.
M.L., AR, and C.L. revised the manuscript. All authors contributed to the article and approved the
submitted version.
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Objective 10: Develop a Raman library of spectral variances due to the polymer coating with a biofilm,

which would enable the detection of a polymer coated with a biofilm without sample pre-processing

Article 10: Spatio-chemical analysis of the plastisphere using Raman spectroscopy

From the previous objectives in my PhD thesis, we learned that the composition of a biofilm can be
distinct between different polymer types. To date, to identify the microplastic particles of different
polymer types in an environmental sample it is essential to remove the organic material, e.g. the biofilm,
from the plastic particles. This process of isolation and purification of an environmental sample to
obtain the microplastic particles ate costly, time-consuming, and often accompanied by the risk of
contamination or loss of microplastic particles. To overcome the difficulties in isolation and purifica-
tion, it would be helpful to establish a method allowing the spectroscopic analysis of microplastic par-

ticles coated with a biofilm without sample pre-processing.

Based on the polymer-specific biofilms that I described in article 8 and 9, we asked ourselves whether
we could take advantage of these polymer-specific biofilms to identify microplastics using micro-Ra-
man spectroscopy. Therefore, we incubated 11 different polymer types and an additional control par-
ticle made of glass for one month in a microcosm setup consisting of fresh- or salt water. We used
SEM and micro-Raman spectroscopy to elucidate polymer-specific biofilm signatures. As a result, we
found a heterogeneous distribution of molecular signatures that indicate the presence of EPS from
biofilms, although not polymer-specific. However, the Raman signatures of the EPS were mostly pre-
sent in parallel with the underlying surface signatures of the microplastic particles leading to spectral
variances originating from the EPS. Therefore, we propose that the spectral variances of the micro-
plastic particles coated with a biofilm can be used to infest a spectral variant library. This library will
help to increase the efficiency associated with the spectroscopic identification of microplastic particles

from an aqueous environment.

Authors: Vinay K. Bangalore-Narayana, Anja F. R. M. Ramsperger, Marvin Kiene, Julian Brehm,
Martin G.J. Léder, Christian Laforsch

Status: Manuscript will be submitted 2023

Own contribution: SEM imaging and analysis, interpretation and discussion of results, manuscript

writing, revision and finalization

Author contributions as stated in the manuscript: VKBN, ML and CL initiated the research, all
authors planned the research, VKNB performed the incubation experiments, AFRMR, JB and VKBN
prepared and imaged the SEM samples and performed image analysis, VIKNB performed Raman sam-
ple preparation, data acquisition, analysis and interpretation of the data, MK developed the RaMPP R
package, VKNB, AFRMR, JB and MK wrote the draft of the manuscript. All authors reviewed and
edited the manuscript
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The work presented in my PhD thesis clearly and unanimously emphasizes the importance of the sut-
face properties of microplastic particles for their interactions with their surroundings. For instance, as
soon as a microplastic particle enters the environment, its surface interacts with microorganisms, form-
ing a biofilm or an eco-corona on the particles' surface, depending on the size of the particle. Here 1
showed that the polymer type and its specific surface properties determine the biofilm formation and
composition on larger microplastic particles. However, a microplastic particles' surface properties are
not solely determined by the polymer type. I showed that nominally the same model microplastic par-
ticles of the same polymer type tremendously differ in their properties, depending on the type and
settings of the synthesis used by the commercial source. Here, the surface of the microplastic particles
significantly differed, and I unravelled that especially the zeta-potential seems to be one of the main
driving factors that a particle interacts with cells and tissues, consequently influencing the experimental
outcome. Therefore, I want to highlight that a thorough characterization of the surface properties of

microplastic particles is essential to allow concluding the mechanisms of toxicity.

However, under realistic scenarios, organisms and humans are not exposed to pristine microplastic
particles. Still, they are mainly exposed to microplastic particles that previously interacted with envi-
ronmental compartments and are coated with an eco-corona. I was the first to show the formation of
an eco-corona on micrometre-sized microplastic particles, performing a thorough analysis to under-
stand the physico-chemical and mechanical alterations of the surface properties and linked the surface
properties to the particles’ reactivity towards cells. Here, the eco-corona can be considered a turning
point as it increases the adhesion strength of particles to cells, the number of particle-cell interactions
and the number of internalized particles. The increased reactivity of the particles towards cells can

consequently affect the experimental outcome in eco-toxicity studies.

Therefore, one question raised by media, stakeholders and policymakers whether we do have to be
concerned about the potential health effects of deriving from plastic pollution cannot be answered at
the moment since mainly pristine microplastic particles have been used. Nevertheless, my PhD project
adds great value to be able to answer this question in the future. The key message of my thesis is that
in future experiments, the microplastic particles used in effect studies must be thoroughly characterized.
Furthermore, I highly recommend using environmentally exposed microplastic particles coated with
an eco-corona since using pristine particles may lead to an underestimated risk deriving from plastic
pollution since the particles interact significantly less with cells and tissues compared to environmen-

tally exposed particles.
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One, if not the main question, whether microplastics can be harmful to an organism, was not aimed to
be answered within the framework of my PhD thesis. However, since the interactions with and inter-
nalization of pristine microplastic particles and also particles coated with an eco-corona by cells seems
to be mainly driven by the particles” physicochemical properties, these properties may eventually also
trigger cytotoxic effects. For estimating the cytotoxicity of microplastic particles, different approaches
are available, like measuring the metabolic activity by using an MTT- assay (MTT = 3-(4,5-dimethylthi-
azol-2-yl)-2,5diphenyltetrazolium bromide) or an increase in reactive oxygen species (ROS). Several
studies show that only very high concentrations of microplastic particles can induce a decrease in met-
abolic activity (Rudolph et al., 2021; Stock et al., 2019, 2021) or an increase in ROS (Rudolph et al.,
2021; Wang et al., 2021; Wu et al., 2019). Furthermore, Visalli et al. (2021) highlighted that ROS pro-
duction was increased for short incubation of up to six hours when using high particle concentrations.
In contrast, no increase in ROS can be detected after one-week exposure anymore (Visalli et al., 2021).
This difference in ROS production indicates that cells iz vitro are capable of homeostasis, but micro-

plastic particles seem not devoid of consequences to human cell lines (Visalli et al., 2021).

To date, the available data is too limited to make reasonable statements about the cytotoxicity of mi-
croplastic particles (Brachner et al., 2020). This could be due to the fact that commonly used tests may
not be sensitive enough to estimate the microplastic particle-induced cytotoxicity since they were orig-
inally designed to test soluble substances. Furthermore, the usual approaches to measuring cytotoxicity
are based on the simultaneous examination of a pool of many cells. However, in my experimental setup
performing single-cell analysis, I realised that not every cell interacts with a particle. If only a few indi-
vidual cells interact with microplastic particles, potentially showing adverse effects, this effect may
therefore be lost in the mass of simultaneously tested cells. To overcome this problem, single-cell anal-
ysis of particle-cell interactions would cleatly show if a cell interacting with a particle shows signs of
cytotoxicity or not. However, analysing individual cells using microscopic techniques is time-consum-
ing and costly. But currently, it seems to be the only suitable technique to evaluate potential risks for

cells interacting with microplastic particles.

During his visit to the Chair of Biological Physics, we discussed this issue with Prof. Dr. Gareth W. Griffiths
trom the Department of Biosciences, University of Oslo, Norway. He suggested that one possibility for single-
cell effect studies could be imaging the activation of the nuclear factor ‘kappa-light-chain-enhancer’ of
activated B-cells (NFiB). The main function of NFB is the regulation of inflammation, mainly induced
by ligand sensing at pattern-recognition receptors (PRRs). Cells of the innate immune system express
PRRs to sense an extensive range of microbial components (pathogen-associated molecular patterns,
PAMPs). These components may also be present in an eco-corona. In an inactive state, NF\B is se-

questered in the cytoplasm of a cell, and as soon as it becomes activated, it translocates into the nucleus
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(for a review, see Liu et al., 2017). The translocation process of NFB can be imaged via the fluores-
cently labelling of NFB. Therefore I added the immuno-staining of the transcription factor NFiB to
my workflow for differentiating whether a particle has been internalized by a cell or whether a particle
only adheres to the cell membrane (Ramsperger et al., 2020). With this approach, we can perform
single-cell analysis and can even distinguish between potential effects derived by the adhesion to cellular
membranes or the internalization of the particles by cells. Although with the highly acknowledged help
of Wolfgang Grol3 from the Chair of Biological Physics developing MatLab-based automatic image analy-
sis, single-cell analysis is still a very time-consuming approach. Therefore, I can only show preliminary
results on the activation of NFB induced by PS microplastic particles coated with an eco-corona and

the respective control treatments within this thesis.

As in our previous approaches, I incubated microplastic particles in either fresh- or salt water for the
eco-corona coatings. As control treatments, I used the positive control of IgG and negative control of
pristine particles without an eco-corona, as used in Ramsperger et al. (2020). Additionally, two more
control treatments were conducted, control cells that were not exposed to any particulate matter and
cells treated with lipopolysaccharides from Escherichia coli, known to induce the activation of NFiB (Liu
et al., 2017). I treated three different murine macrophage cell lines (C7, ImKC and J774A.1) with the
corresponding treatments, fluorescently labelled the cells and after image acquisition, measured the
three-dimensional mean intensity of NFB at the position of the nucleus of the cells. By explicitly
analysing particle-cell interactions and comparing the fluorescence intensities to the respective control
treatments, we can show that environmentally exposed microplastic particles induce the activation of

NF.B.
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The activation strength seems to be depended on the cell line and treatment, indicating the specific role
of macrophages from different body compartments. Interestingly, pristine microplastic particles with-

out an eco-corona did not activate the NFiB signaling pathway for any tested cell line (Figure 1).
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Figure 1: Fluorescent intensity of the transcription factor NFB at the location of the nucleus in three
murine macrophage cell lines (C7, ImKC and J774A.1) after the treatment with microplastic particles
coated with an eco-corona and control treatments. Control= untreated cells, UW= pristine microplastic pat-
ticles, SW= microplastic particle coated with an eco-corona from saltwater, FW= microplastic particle coated
with an eco-corona from freshwater, IgG= functionalized microplastic particles opsonized with the antibody
IgG, LPS= lipopolysaccharides from gram-negative bacteria. In all cell lines, the LPS treatment induced the acti-
vation of the NFB translocation into the nucleus. For the C7 cell line, only microplastic particles coated with an
eco-corona derived from FW activate the translocation of NFB into the nucleus. For the ImKC and J774A.1,
both types of eco-corona coated microplastic particles induce the translocation of NFiB into the nucleus. Statis-
tical analysis pending. a.u. = arbitrary units.

This last but preliminary aspect of my PhD thesis shows that microplastic particles coated with an eco-
corona are more frequently interacting with and become internalized by cells and ultimately cause
stronger inflammatory responses than pristine particles. Liu et al. (2017) highlighted in their review
article that “(...) deregulated inflammatory responses can cause excessive or long-lasting tissue dam-
ages, contributing to the development of acute or chronic inflammatory diseases.”. Finally, I would like
to encourage other research groups investigating the potential risk of plastic pollution to include envi-
ronmentally exposed microplastic particles of different shapes in impact studies in order to draw real-
istic conclusions about the potential risk of microplastic particles for the environment, the organism
and ultimately human health.
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mechanistic understanding of airborne MP toxicity. This may enable the assessment of risks associated with
airborne MP pollution, facilitating effective policymaking and product design.

1. Introduction

Since the 1950 s, plastics have become an essential part of our daily
lives and have enabled many technical and medical innovations
(Andrady and Neal, 2009; Thompson et al., 2009). The resulting global
adoption of plastics and its often inappropriate disposal has been
accompanied by a rapidly accumulating amount of waste in the envi-
ronment, as most commodity plastics are very resistant against both
physical and biological degradation (Geyer et al., 2017; Andrady, 2015).
The disintegration of such improperly disposed plastic, processes like
tire wear, and abrasion from synthetic textiles produce many micro-
scopic plastic particles (microplastics, MP) (Brahney et al., 2021; Mba-
chu et al.,, 2020; Zhang et al., 2021). These particles formed by
degradation or abrasion processes are classified as secondary MP. In
contrast, primary MP is manufactured in a small size, often finding use in
cosmetics, such as peelings or cleaning abrasives. It usually reaches the
environment via the wastewater stream (Brahney et al.,, 2021; Syberg
et al.,, 2015). The term MP usually refers to plastic particles smaller than
5 mm (Arthur et al,, 2009). However, there is still no uniform definition
of the lower size limit of MP. Most commonly, the lower size limit of MP
is set between 0.1 and 100 pm (EFSA, 2016; Frias and Nash, 2019). In
this review, we use the term MP to describe particles derived from
synthetic polymers with sizes between 0.1 ym and 5 mm.

Reports about MP in the environment first focused on marine eco-
systems (Thompson et al.,, 2004; Ng and Obbard, 2006; Imhof et al.,
2017). Soon after these reports, MP pollution of other environmental
compartments gained increasing attention: MP was also detected in
freshwater and terrestrial ecosystems worldwide (Schell et al., 2020,
Frei et al., 2019; Piehl et al., 2018; Imhof et al., 2018, 201 3; Dris et al.,
2015). Even in the most remote areas, MP pollution is detectable (Imhof
et al,, 2017; Gonzaandacute; lez-Pleiter et al., 2021; Teichert et al.,
2021). Especially atmospheric transport of MP is an important driver of
MP transfer around the globe (Zhang et al., 2019). As a consequence,
attention to this airborne MP is continuously increasing (Brahney et al.,
2021; Zhang et al., 2020).

Due to the omnipresence of MP, concerns about possible effects on
environmental and human health are rising. It is well established that
aquatic organisms interact with MP and consume it together with their
food. For example, the ingestion of MP particles has been reported for
various organisms, including zooplankton, bivalves, and vertebrates
(Teichert et al., 2021; Desforges et al., 2015; Browne et al., 2008; Von
Moos et al., 2012; Lu et al,, 2016; Vinay Kumar et al., 2021). Upon
ingestion, particles have been shown to translocate into the swurounding
tissues and the circulatory system of the aquatic organisms (Browne
et al., 2008; Von Moos et al., 2012; Lu et al., 2016). Therefore, the
exposure of aquatic organisms to MP raised concerns about adverse ef-
fects of the particles on these organisms and aquatic ecosystems (Wright
etal, 2013; Guzzetti et al., 2018). Also, potential human consumption of
MP with contaminated food, e.g., seafood, gained increasing attention
(Vinay Kumar et al., 2021; Smith et al., 2018; Cox et al.,, 2019).
Consequently, more and more research focused on possible health issues
associated with ingested MP (Carbery et al., 2018; De-la-Torre, 2020).

Likewise, due to the widespread presence of MP in the atmosphere,
awareness of breathable MP pollution and potentially harmful effects on
human health increased over the last years (Prata, 2018; Amato-Lour-
enco et al., 2020; Huang et al., 2020; Chen et al., 2020). Parameters like
size, shape, surface charge, molecules and pathogens adsorbed to the MP
particles, and the MP particles’ bio-persistence may contribute to
airborne MP toxicity (Prata, 2018; Wright and Kelly, 2017). Yet, the
understanding of the role of these parameters concerning potentially
adverse health effects of airborne MP is still limited; only very few
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studies cover this issue. However, some non-plastic microparticles that
are well-known drivers of diseases have already been studied in this
respect. Therefore, to shed light on the potential effects of airborne MP
on human health, it has been proposed to compare MP toxicity to other
well-studied airborne particulate matter (Vethaak and Legler, 2021).

In general, human exposure to airborne microparticles depends on
their size. For example, the inhalation of microparticles usually is
determined by their aerodynamic equivalent diameter (AED, the diam-
eter of a sphere with density 1 g cm™® with the same settling velocity as
the microparticle) rather than by their geometrical size (Chen and
Fryrear, 2001; Reponen et al., 2001). Commonly, microparticles are
categorized according to their AED into particles > 10 pm, particles <
10 um (PM10), particles < 2.5 pm (PM2.5), and ultrafine particles < 0.1
um (Kelly and Fussell, 2012). The large particles > 10 pm are assumed to
collide with the upper airways upon respiration, whereas PM10 can
enter the bronchioles, and PM2.5 and ultrafine particles may even
penetrate the alveoli (Prata, 2018; Kelly and Fussell, 2012). Besides
determining the exposure pathways, the size of microparticles can affect
their toxicity. Because of their large surface-to-volume ratio, smaller
particles are potentially more prone to interact with cells and tissues,
leading to stronger responses at exposure sites (Schmid and Stoeger,
2016).

Also, the shape of a microparticle influences its toxicity by modifying
interactions with cells and tissues. For example, microfibers interact
with cells and tissues differently than microspheres, fragments, or films
(Allegri et al, 2016). These altered interactions can lead to
shape-specific toxicity of different microparticles.

Moreover, the surface charge of microparticles can affect their
toxicity. A typical property to quantify the surface charge of micropar-
ticles is the particles’ {-potential (Peltonen and Hirvonen, 2008). The
{-potential can be a proxy for the electrostatic interactions of micro-
particles with cells and tissues, determining the adhesion of the micro-
particles (Silva et al., 2014). The adhesion strength of microparticles
could potentially affect their bioavailability and consequently the
toxicity of these particles.

Adsorption of molecules and microorganisms following the micro-
particles’ environmental exposure can additionally modify their
toxicity. In addition to biomolecules that may increase the bioavail-
ability of the microparticles, the microparticles can also carry adsorbed
toxins or pathogenic bacteria, which might enlarge their potential to
impact human health (Prata, 2018; Ramsperger et al., 2020; Kirstein
et al.,, 2016).

Lastly, all these potential modes of toxicity may be altered by the
microparticles’ bio-persistence. Therefore, bio-persistence has been
discussed as an essential parameter for the microparticles’ interactions
with tissues because it potentially alters long-term exposure and asso-
ciated chronic effects (Oberdorster et al., 1994).

Here, we aim to better comprehend the impact of the above-
mentioned parameters (size, shape, {-potential, adsorbed molecules and
organisms, bio-persistence) on MP toxicity by comparing different well-
studied non-plastic microparticles to MP. We reviewed the literature on
six microparticle pollutants often associated with occupational diseases:
Asbestos, silica dust, soot, wood dust, cotton dust, and hay dust. We set
our focus on occupational safety and the pathogenesis of microparticle-
associated diseases. By giving an overview of the diseases and the
pathogenesis associated with each type of microparticle with respect to
the abovementioned parameters, we aim to determine to what extent
these parameters are the drivers of the microparticle’s toxicity. We try to
link our results to the existing knowledge on the properties of airborne
MP particles, identifying possible mechanisms of their toxicity. Overall,
this approach can contribute to understanding airborne MPs’ potential
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impact on human health and outline possible directions for future MP
research.

2. Non-plastic airborne microparticles
2.1. Asbestos

Asbestos unites a group of naturally occurring hydrated silicates that
form long and thin crystalline fibers (Pira et al., 2018; Solbes and
Harper, 2018). Many beneficial characteristics of asbestos, like high
flexibility, low thermal conductivity, and a very high mechanical and
chemical resistance, led to a massive increase in its use throughout the
20th century for industrial purposes, such as brake linings, asbestos
cement, asphalt concrete, and insulating material. Asbestos was also
used in various products of everyday life, for example, artificial snow,
shoes, and cigarette filters (Pira et al., 2018; Noonan, 2017). Even
though asbestos has been prohibited in many countries, human exposure
still occurs during repair and removal of older buildings (Kameda et al.,
2014; Hagemeyer et al., 2006). Workplace concentrations of asbestos
strongly depend on the materials, processing techniques, and engi-
neering controls implemented to mitigate the asbestos release. During
abatement of asbestos insulation, usually, concentrations between 0.02
and 0.2 fibers per cubic centimeter (f em 3) have been reported, with
maximum concentrations up to 100 f cm S (Williams et al., 2007). Next
to occupational exposure, pollution of the ambient air, e. g. in areas with
naturally occwiring asbestos, increases the risk of asbestos-related dis-
eases (Merintas et al., 2002). Also, some adverse health effects can
already occur after contact with very low concentrations of asbestos
(Hodgson and Darnton, 2000; Goodman et al., 1999)., Therefore, it is
common practice in most developed countries to avoid asbestos expo-
sure as far as possible. For example, the US National Institute for
Occupational Safety and Health (NIOSH) recommends that workers
should not be exposed to more than one f cm ™ for 30 min. When working
with asbestos, a self-contained breathing apparatus with a full facepiece
is recommended by the NIOSH (Barsan, 2007).

It has been estimated that globally, about 100,000 people per year
die from the consequences of asbestos exposure (Baumann et al., 2013).
The main problems caused by asbestos inhalation are asbestosis, inter-
stitial pulmonary fibrosis, pleural disorders and calcified plaques on the
lung’s outer lining, and several forms of cancer, especially malignant
mesothelioma (Goodman et al., 1999; Sporn and Roggli, 2014; Alpert
et al., 2020). Even though asbestosis is a nonmalignant disease, it can
severely impact the patient’s life quality. Eventually, it can lead to
hypoxemia and increased lung pressure, potentially affecting the heart
muscle in the long term (Sporn and Roggli, 2014).

Although diseases associated with the inhalation of asbestos are very
well studied, the exact mechanisms leading to asbestos-related diseases
are yet not fully understood (Huang et al., 2011). Accumulation of
asbestos fibers is considered one of the main factors inducing a contin-
uous inflammatory response, oxidative stress, and apoptosis (Solbes and
Harper, 2018; Craighead and Mossman, 1982). Consequently, sur-
rounding tissues are damaged. Furthermore, ROS (reactive oxygen
species) and oxidative stress may also cause DNA damage, increasing the
risk of malignant cell proliferation (Solbes and Harper, 2018). Next to
inflammatory responses and oxidative stress, the direct influence of
asbestos on signaling and transduction pathways is important. This leads
to an alteration of various cellular processes governing gene expression,
cellular growth and shape, and epithelial permeability (Solbes and
Harper, 2018).

The properties of asbestos fibers (Fig. 1A, Table 1) play an essential
role in their toxicity. For example, the size of asbestos fibers can vary
substantially. In one instance, diameters in the range of 0.01 -~ 1.5 um
and lengths in the range of 0.01 — 64 um have been reported (Stanton
et al., 1981).

Their thin and elongated fiber shape (Fig. 1A) allows them to deeply
penetrate the lung, while at the same time, phagocytosis is prohibited as
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the fiber length exceeds the size of macrophages (Donaldson et al.,
2010). Consequently, primarily long asbestos fibers (length > 5 ym) are
the toxicologically most relevant fraction. Nevertheless, short asbestos
fibers (length < 5 pm), making up the main part of airborne asbestos
fibers, may also contribute to the overall toxicity of asbestos (Boulanger
et al., 2014). When used, modified, or inhaled, the asbestos fibers may
split up lengthwise and form even thinner fibers, increasing the associ-
ated risks (Boulanger et al., 2014; Roggli and Brody, 1984).

The {-potential of asbestos can cover a wide range between about
— 60 mV and + 55 mV and depends on various parameters, including
the mineral variety and the pH value of the medium during the mea-
surement. Interestingly, the magnitude of the fibers’ C-potential is
positively correlated to their hemolytic activity (Light and Wei, 1977).
Under conditions similar to the conditions in lung tissue, a negative
{-potential of asbestos fibers was reported. This negative {-potential
possibly leads to the formation of reactive oxygen species (ROS) and free
radicals, likely increasing cytotoxicity and carcinogenicity of asbestos
fibers (Pollastri et al., 2014).

When exposed to the environment, the structure of asbestos fibers
may be altered by organic molecules (Holmes et al., 2012). It is not clear
whether molecules and biofilms adsorbed during environmental expo-
sure affect the toxicity of asbestos. However, this adsorption may be less
relevant compared to other factors since asbestos exposure usually oc-
curs in workplace environments, where the fibers are freshly released
into the air.

Overall, the hazardous potential of asbestos fibers is increased by
their high bio-persistence in the lung, leading to chronic effects
(Donaldson et al., 2010). Although dissolution rates of asbestos depend
on the exact mineral variety, the estimated lifetime of asbestos fibers in
the lung range from several months to years (Jurinski and Rimstidt,
2001; Hume and Rimstidt, 1992; Oze and Solt, 2010).

2.2. Silica dust

The inhalation of silica (silicon dioxide) dust is a well-known cause of
occupational diseases, predominantly silicosis. Silica forms minerals like
quartz and is the major component of sand. Depending on its crystal
structure, silica dust is classified as amorphous and erystalline silica
dust, differing in their physicochemical properties. Crystalline silica dust
is thought to be the primary driver of silicosis, although exposure to the
amorphous form of silica has potential adverse effects, too (Silicosis
Mortality, 2005; Merget et al.,, 2002). To what extent silica dust is
associated with health effects may also depend on the dust’s exact
crystal structure (Wiessner et al., 1988). In various industrial worlc-
spaces, crystalline silica dust can occur at high concentrations. Espe-
cially workers in mining, road repair, construction, and brick working
face the risk of exposure (Wagner, 1997). However, silica-related dis-
eases are not just recorded in these industries but also ameng worlkers
involved in processes like denim-jeans sandblasting or jewelry polishing,
where the exposure to silica dust may lead to occupational diseases
(Barnes et al., 2019). Furthermore, naturally occurring silica dust like
Sahara dust is also associated with respiratory diseases and silicosis
(Derbyshire, 2007).

Workplace concentrations of silica dust typically depend on the in-
dividual working processes. For example, silica dust concentrations of
0.26 mg m ? were reported during wall grinding, whereas during con-
crete sawing, they were as high as 10.0 mg m? (Linch, 2002). The
NIOSH recommended limit for exposed workers is 0.05 mg m * for up to
ten hours a day. At higher concentrations, protective equipment is
required (for D.C and Prevention, 1996). Nevertheless, even at the rec-
ommended limit, the risk of developing silicosis and death among life-
time exposed workers is significantly elevated (Mannetje et al., 2002).

Exposure to high concentrations of silica dust potentially leads to
silicosis, a fibrotic lung disease. It is the most common type of pneu-
moconiosis (interstitial lung disease), which caused approximately
13,000 deaths worldwide in 2019 (Institute for Health Metrics and
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Evaluation THME, 2020). Furthermore, exposure to silica dust is asso-
ciated with chronic obstructive pulmonary disease (COPD), lung cancer,
autoimmune diseases, and renal disease (Leung et al., 2012). There is
also a higher prevalence of pulmonary tuberculosis (TeWaterNaude
et al., 2006).

In the pathogenesis of silica-induced diseases, inflammatory re-
sponses and the stimulation of fibroblasts play an essential role (Barnes
et al., 2019; Leung et al., 2012). Inhaled silica particles accumulate in
the distal airways and are internalized by macrophages, which activate
proinflammatory and pro-fibrotic pathways. The uptake by the macro-
phages leads to the death of the cell, after which silica particles are
released and further intensify the inflammatory response. Subsequently,
fibroblast growth is stimulated, leading to the formation of onion-like
cellular structures around the sites of inflaimmation. These silicotic
nodules have the potential to merge to sizes > 1 cm and form cavities.
For example, Mycobacterium tuberculosis, the pathogen of tuberculosis,
can persist in these cavities. Consequently, phagocytes are less in control
of their growth, possibly explaining the higher prevalence of tubercu-
losis in silica-exposed workers (Barnes et al., 2019; Leung et al., 2012).

The observed adverse health effects of silica dust are related to the
particles” properties (Fig. 1B, Table 1). The size of silica dust varies
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Fig. 1. Scanning electron micrographs of airborne micro-
particles. A) Amosile asbestos fibers, showing the typical
thin and elongated shape. The SEM image was kindly
distributed in the public domain by the LS. Geological
Survey (USGS) (Geological Survey, 2007) B) Crystalline
silica dust particles, forming irregularly shaped,
sharp-edged fragments. The SEM image was taken from S.
Mischler et al: ‘Differential activation of RAW 264.7
macrophages by size-segregated crystalline silica™ (Mis-
chler et al., 2016) €) Soot particles from diesel exhaust
forming grape-like, aciniform structures which are in the
size range of several hundred nanometers to micrometers.
D) Oak wood particles generated by manual filing (file with
46 cuts per cm) of wood, showing a very irregular surface.
E) Cotton fragment formed during eryomilling of raw cot-
ton fibers, showing an elongated shape, which is composed
of thin fibers. F) Hay dust particle with adsorbed cells
(possibly fungal spores). G) Pristine S microbeads that are
frequently used in MP research. These commercially
available MP particles are very monodisperse and have a
smooth surface. II) The same S microbeads after 2 wecks
incubation in salt water. Biomolecules adsorbed to their
surface, forming an ecocorona. Scale bars: 1 pm. Sample
preparation and imaging: Dust samples were manually
transferred on a fragment of a silicon wafer, which was
mounted on a specimen stub using a carbon adhesive pad.
Prior to mounting, the plain and ecocorona-coated PS
beads were fixed with Karnovsky’s fixative (2% PFA and
2.5% glutaraldehyde in 1x PBS), dehydrated with an
ethanol series (30%, 50%, 70%, 80%, 90% for 30 min cach;
95% and 100% for 1 h each), and dried in hexamethyldi-
silazane (HMDS). All samples were coated with 4 nm
platinum (Leica EM ACE600 sputter coater). The imaging
was performed at 5 kV using an Everhart-Thornley detector
(SEM: FEI Apreo VolumeScope, Thermo Fisher Scientific).

among different sampling sites, working processes, and sampling
methods used, making uniform statements about these parameters
difficult. For example, in a granite quarry in Vermont, most aerosolized
silica particles were inhalable with a size smaller than 10 pm. In the
stone finishing areas of the quarry, more than half of the sampled par-
ticles were in the size range of 0.5 — 0.7 pm (Sirianni et al., 2008).
Similarly, in three different mines in Alaska, Nevada, and South Africa,
the average size of the silica particles ranged from 0.5 to 1.7 ym (Chubb
and Cauda, 2017).

Dust particles generated during stonework generally have an irreg-
ular and fractured shape, which can be seen in crystalline silica dust
from mine tailings (Andracs and Gulumian, 2020). This irregular,
fractured shape with angular surfaces of dust particles was also observed
in crystalline silica-rich ambient particular matter (Dong et al., 2015).
Although earlier assumptions that this sharp-edged shape of erystalline
silica dust is the primary driver of silicosis have been disproven (Win-
ller, 1975), mechanically fractured crystalline silica has stronger cyto-
toxic effects on human macrophages in vitro compared to more
regularly-shaped grown crystalline silica (Leinardi et al., 2020).

The amorphous form of silica has a surface covered by hydroxyl
groups, leading to hydrophilic properties (Vansant et al., 1995). The



S. Wieland et al.

Table 1

Published articles and manuscripts

Journal of Hazardous Materials 428 (2022) 128151

Overview of non-plastiec microparticle properties and associated health effects. Here, information on shape, size, {-potential, and bio-persistence of different non-plastic
microparticles is summarized, together with a short synopsis of the health risks. Abbreviations: COPD — chronic obstructive pulmonary disease; AED — aerodynamic
equivalent diameter; PAIL - polycyelic aromatic hydrocarbon, POP - persistent organic pollutant.

Particle Size Shape {-potential Adsorbed molecules/  Bio-persistence Health risks
type otganisms
Ashestos Diameter 0.01 = 1.5 pm,  Thin, elongated fibers { - 60 to — 55 mV, depending Fnvironmental exposure  Dissolution rates depend  Asbestosis, interstitial
length 0.01 - 64 pun ( Stanton et al., 1981) on the mineral variety (Light alters surface of asbestos on the mineral variety, pulmonary fibrosis, calcified
Stanton el al., 1981) Fibers longer 5 pn and Wei, 1977) fibers (Holmes et al., estimaled lifetime of plagues and pleural
Mostly long asbestos possibly main drivers of Hemolylic activity 2012) asbestos fibers in lung disorders, cancer (especially
fibers = 5 pm asbestos toxicity ( correlated to §-potential However, cffect on between several months to mesothelioma) (Goodman
toxicologically relevant ( Boulanger et al., 2014) Light and Wei, 1977), toxicity not known years leads to chronic et al., 1999; Sporn and
Boulanger et al, 2014)  In lung, fibers can split  formation of ROS associated toxieity (Jurinski and Roggli, 2014; Alpert et al.,
up lengthwise into with negative {-polential ( Rimstidt, 2001; Hune and 2020}
thinner fibers ( Pollastri et al., 2014) Rimstidt, 1992; Oze and
Boulanger et al., 2014; Solt, 2010)
Roggli and Brody, 1981)
Silica dust  Airborne fragments Irregularly shaped -30 to — 10 mV under Adsorption of PAHs to Very low rates of Silicosis (Wagner, 1997;
usually in the breathable fragments with sharp physiological pIT conditions biogenic amorphoussilica dissolution under Barnes et al., 2019;
range < 10 um, mostly  edges (Andraos and (Dong et al., 2015; Leinardi  (Rabovsky, 1995) physiological conditions ( Derbyshire, 2007; Mannetje
between 0.5 and 2 um ( Gulumian, 2020; Dong et al., 2020). Higher toxicity However, contribution to Rimstidr and Barnes, et al., 2002)
Sirianni et al., 2008; et al., 2015), of freshly fractured quartz  overall silica toxicity 1980), theoretical lifetime COPD, lung cancer,
Chubb and Canda, 2017) mechanically fractured  due to increased surface unclear of microparticles about autoimnume and renal
crystalline silica more  radicals (Vallyathan ot al., 100 - 10000 years ( disease (Teung et al., 2012)
cytotoxic than regularly 1995) Jurinski and Rimstidt, Increased risk for
shaped grown 2001) contributes to tuberculosis, due to
crystalline silica ( chronie toxicity fonmation of silicotic nodules
Leinardi et al., 2020) (TeWaterNaude et al., 2006)
Soot Size dependent on Depending on 50 to — 30 mV for diesel ~ Adsorption of organic Clearance from rat lungs  Occupational exposiire:

Wood dust

Cotton dust

combustion process,
mostly on the order of
several hundreds of
nanometers (Kleeman

et al., 1999; Torvela et al.,
2014), also larger
structures up to 100 pm (
Watson and Valberg, Possibly formation of
2001) toxic radicals on
Particles grow in size aller particles with high
release due to aggregation curvature (Frank ef al.,
2013)

combustion process
formation of grape like
aciniform structures, but
also other shapes like
xerogels and
cenospheres (Watson
and Valberg, 2001).

and condensation of
organic matter (Janssen
etal., 2012; Patterson and
Kraft, 2007). Size may
affect toxicity (Frank

et al., 2013), particles
with a size of 70 - 110 nm
potentially most toxic {
Sarkar et al., 2014)

AED of wood dust
collected ar brearhing
height of workers

Shape depends on wood
type and processing
techniques, usually
between 10 um and 100 irregularly shaped

pm (Harper et al., 2002) particles (Mazzoli and
ATLD of wood dust directly Favoni, 2012; Liu er al.,
sampled from sanding 1985) Effect of shape on
mostly < 10 pm, in the  toxicily nol yel studied
breathable range (Mt

ot al., 2006; Ojima, 2016;

Markovd et al., 2018)

AED of wood dust directly

sampled from milling

mostly = 125 pm (

Ockajova et al., 2020)

Classified according to
size into trash (= 500
pm), dust (50 — 500 pmy),
micro dust (15 — 50 pm),
and breathable dust (<
15 pm) (Dangi and Bhise,
2017).

Mostly breathable
fraction associated wilh
health effects (Ellakkani
et al.,, 1981)

TFragmented fibers,
irregularly shaped
particles (Goynes et al.,
1986). Effects on
toxicity not investigated

soot particles under
physiological pH and salt
conditions (Sarkar et al.,
2014; Chen and Huang,
2017). Particles with
¢-potential of — 41 mV to
37 mV especially
bioreactive, causing
inflammarory response (
Sarkar el al., 2014)

Intact sprice wood

compounds, especially
PAHS, to soot particles
during combustion
process and after their
release into the
environment (Lee, 2010,
Watson and Valberg,
2001; Faves et al., 2017)
Adsorbed PAHSs play a

major role in sool particle

toxicity (Barfknecht,

1983; Kirrane et al., 2019)

Chemical treatments (e.g.,

capillaries: — 10 to + 10 mV chromate compounds)
at pH 5.6 (Muff et al., 2018) potential driver of wood

Cellulose nanofibers from
cedar wood: — 50 to — 30
mV at pIl 6.8-7 (Uetani and
Yano, 2012) Effect of
C-potential on loxicily not
known

Not known
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dust toxicity (Klein et al.,
2001).

Also naturally oceurring
chemicals (terpenes,

decreases with exposure
level, possibly leading to
chronie effects; hall life of
diesel soot particles
between 80 and 250 days (
Griffis et al,, 1983; Wolff
et al., 1987)

Lignin and cellulose only
degradable by enzymes
from specialized
microorganisms (Slavin
et al., 1981; Pérez et al.,
2002; Friksson et al.
1990), therefore likely no

polyphenolic compounds) degradation of wood in the

may affect wood dust
toxicity (Naarala et al.
2003)

Adsorption of bacterial
endotoxins and possibly
also pesticides relevant
for cotton toxacity (Wang
et al., 2003; Rylander,
1987; Solbrig and
Obendorf, 1985)

human lung, promoting
chranie toxicity.

Wood cellulose fibers
persist in rat lungs after 1
year, higher
bio-persistence compared
to asbestos. Estimated
half-life about 3 years (
Muhle et al., 1997)

ITigh biodurability of
cellulose fibers relevant for
chronic effects,
degradation only by
enzymes of specialized
microorganisms (Iri ksson
et al., 1990).
Degradation of cellulose
fibers in vivo in mice and
rats very slow (Muhle

et al., 1997; llves et al,,

cancer of lung and esophagus
(Pukkala et al., 2009),
astluna, ischemic heart
disease (Li et al., 2008;
Hansen, 1983)

Ambient exposure: increased
risk for cardio pulmonary
diseases, possibly increase in
cancer risk (Janssen et al.,
2012; Lee, 2010; Stéber and
Abel, 1996)

Classified as carcinogenic for
humans, especially
associated with cancer of
nasal cavities and paranasal
sinuses (Delzell, 1995). Also
associated with lung cancer
Alonso-Sardan et al., 2015:
Binazzi el al., 2015; Hancock
et al., 2015).
Evidence of association with
other pulmonary diseases
like eryptogenic fibrosing
alveolitis and idiopathic
pulmonary fibrosis (Iubbard
et al., 1996; Gustafson et al.,
2007)

Asthma, bronchitis,
byssinosis (Dangi and Bhise,
2017). Effects possibly also
due to bacterial endotoxins
and pesticides (Wang cf al.,
2003; Rylander, 1987;
Solbrig and Obendorf, 1985)

(continued on next page)
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Particle Size Shape {-potential Adsorbed molecules/  Bio-persistence Health risks
type organisms
Tlay dust Ca. 95% of hay dust Mostly spherical, bur  Not known Dust contains significant  2018) Tarmer’s lung disease

Microplastics

particles smaller than 5
umy, therefore breathable (
Seguin et al., 2010;
O’Comnor et al., 2013)

Measured size
distributions are likely
influenced by sampling &
detection limits (Zhang

ot al., 2020) Measured
sizes for atmospheric MP
fibers between 20 pm and
5 mm (Cai et al.,, 2017; Li
et al., 2020; Szewc et al.,
2021), predominantly
100-700 pm (Allen et al.,
2019; Cai et al., 2017);
[ragments between 5 pm
and 750 pm (Szewe el al.,
2021); films between 10
um and 1520 um (Szewe
et al., 2021), Studies with
particularly low detection
limits measured 70% of

also irregularly shaped
and rod-like particles (
O"Connor et al., 2013)
Effects of shape on
toxicity not known

Surface functionalization of
plastics is a common method
to adjust material properties
(Johansson, 2017),
furthermore functional
surface groups induced by
weathering and
pholodegradation of MP (
Meides et al., 2021; Fechine
fibers indoors than ot al., 2004; Fernando et al.,
outdoors (Liu et al., 2007; Decker and Zahouily,
2019; Dris et al., 2017), 1999); therefore, {-potential
However, due Lo focus of of MP likely varies in a large
MP research on range. Even supposedly
spherical particles (Lin, identical model MP particles
2021) role of shape in  have substantially different
MP toxicity not known  {-potentials, affecting their
interactions with cells (
Ramsperger et al., 2021)

Many reports of fibers (
Liu et al., 2019; Abbasi
et al., 2019; Cai et al.,
2017; Dnis et al., 2016;
Szewc et al., 2021), but
also fragments and films
(Allen et al., 2019;
Szewe et al 121).
Higher prevalence of

amounts of bacterial and
[ungal spores, adsorbed
endo and mycotoxins (

Wood cellulose fibers
hall life — 3 years in rat
lungs, half life of cellulose

Seguin et al., 2010) These fibers from recycled
are likely the main causes newspapers 72 days in rat
of adverse health effects ( lungs (Mulile et al., 1997)

Reboux el al., 2007;
Cano-Jiménez et al.,
2016)

No significant degradation
of cellulose in vitro in lung
airway lining fluid and
phagolysosomal fluid after
up to 9 months (Stefaniak
el al., 2014)

Adsorbed POPs and heavy Extraordinarily high bio-

metals (Rochman et al.,
2014; Hirai et al., 2011;
liang Liao and yan Yang,
2020) have a
controversial role in MP
toxicity (Koelmans et al.,
2021); formation of

ecocoronas and biofilms (

Ramsperger et al., 2020;
Galloway et al., 2017}
enhances cellular
internalization (

Ramsperger et al., 2020);

films possibly carry
dangerous pathogens (
Kirstein et al., 2016;
Tmran et al., 2019;
Gkoutselis et al., 2021)

persistence of conventional
polymers (Andrady, 2015),
therefore likely very high
hio-persistence of MP
particles in organisms.
Biodegradation of
biodegradable polymers
usually by specialized
microorganisms and
conditions limited to
industrial composting
plants (Millican and
Agarwal, 2021; Bagheri

et al., 2017), therefore
likely high bio-persistence
in the lung,

Due to bio-persistence
accumulation of MP in the

(allergic alveolitis) (Gregory
and Lacey, 1963; Siegel

el al., 1991}, likely caused by
bacterial endotoxins and
mycotoxing (Reboux et al.,
2007; Cano-Jiménez et al.,
2016)

Mainly diseases due to
occupational exposure (
Prata, 2018):
Pneumoconiosis (Ng of al.,
1991; Studnicka et al.,
1995), interstitial lung
disease (Cortez Pimentel

el al,, 1975; Kern et al.,, 1998;
Eschenbacher et al., 1999),
chranic bronchitis (Cortez
Pimentel et al., 1975; Miller
el al., 1975), cough and
dyspnea (Valic and Zuskin,
1977; Zuskin et al., 1998;
Lougheed et al.,, 1995; Kern
et al., 2000), allergic and
asthmatic reactions (Cortez
Pimentel et al., 1975;
Muittari and Veneskoski,

MP fallout particles < 63
pm (Klein and Fischer,
2019); at human
respiratory height 80% of
MP < 20 pm (Li et al.,
2020)

1978), lung cancer (
Mastrangelo et al., 2002;
Hours et al., 2007; Kern

et al,, 2011).

Cancer in digestive system,
large bowel, stomach, and
esophagus (Maslrangelo

et al,, 2002; Vobecky et al.,
1978; 15)

organism, leading to
chronic exposure (
Mohamed Nor ct al., 2021)

Gallagher et al., &

{-potential of crystalline silica dust is pH-dependent. At physiological
conditions, values of about — 30 — — 10 mV have been reported (Dong
et al., 2015; Leinardi et al., 2020). Interestingly, freshly fractured crys-
talline silica is linked to a more intense inflaimmatory response, poten-
tially due to increased surface radicals (Vallyathan et al., 1995).

There is evidence that biogenic amorphous silica (e. g. from the shells
of diatoms) has the potential to adsorb toxic chemicals like polycyclic
aromatic hydrocarbons (PAHs), acting as a vector for those chemicals
into the body (Rabovsky, 1995). However, it is unclear in how far this
contributes to the overall toxicity of silica dust, as the main part of
silica-related health effects is caused by crystalline silica dust that is
freshly generated during the processing of stone (Silicosis Mortality,
2005).

Due to the high bio-persistence of silica dust, chronic effects play a
significant role in silica toxicity (Leung et al., 2012). Because of their low
dissolution rates (Rimstidt and Barnes, 1980), crystalline silica particles
are extraordinarily durable under physiological conditions. Under con-
ditions similar to the lung, a lifetime of about 100 — 10,000 years has
been estimated for crystalline silica microparticles (Jurinski and Rim-
stidt, 2001).

2.3. Soot

Soot is formed by the incomplete combustion of organic materials
such as wood, coal, fossil fuels, and plastics (IARC, 2012). Its physical
properties and chemical composition heavily depend on the type of
burned material and the specific combustion conditions(Kleeman et al.,
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1999). The dominant constituent is elemental carbon, accounting for
about 60% of soot mass, followed by inorganic and organic matter,
including PAHs (IARC, 2012).

For example, chimney sweeps are subjected occupationally to
inhalable soot dust (Pukkala et al., 2009; Hogstedt et al., 2013). The
median exposure level of Swedish chimney sweeps to inhalable soot dust
was found to be 3.8 mg m 3 (Hogstedt et al., 2013). Other occupations
with potentially increased soot exposure are industrial, maintenance, or
service professions performed near fossil fuel combustion engines, such
as truck drivers and miners (Donaldson et al., 2005).

Besides occupational exposure, contamination of the ambient air by
environmental soot in particulate matter air pollution is also prevalent.
Typical ambient exposure levels to soot particles < 10 pm close to a
moderately frequented urban street lie in the range of 20-60 pg m?
(Boogaard et al., 2010).

Chimney soot is classified as carcinogenic by the International
Agency for Research on Cancer (IARC) (TARC, 2012). The discovery of
high incidences of scrotal cancer in chimney sweeps during the 18th
century was the first documented case of occupational cancer (Pott,
1775; Benmoussa et al,, 2019). Although scrotal cancer due to soot
exposure is nowadays mostly preventable, increased incidences of can-
cers of the lung and the esophagus, among other types of cancer, are still
reported for chimney sweeps (Pullkala et al., 2009). Additional epide-
miological evidence exists for their occupational risk of asthma and
ischemic heart disease (Li et al., 2008; Hansen, 1983). Apart from
occupational health risks, ambient exposure to airborne particulate
matter, including soot, is also a well-known factor associated with
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adverse health impacts. Soot-associated diseases include respiratory and
cardiac diseases, which can increase mortality in exposed cohorts
(Janssen et al., 2012; Lee, 2010). It is also discussed whether ambient
exposure to soot particles is associated with an increase in cancer. For
example, diesel exhaust is classified as carcinogenic by the IARC (IARC,
2014). However, whether ambient exposure to diesel exhaust particles
(DEPs) is associated with diseases like lung cancer is still controversial
(Stober and Abel, 1996; Hesterberg et al., 2012). One difficulty in
assessing the risk of ambient soot exposure is disentangling the specific
health impacts of soot and other constituents of airborne particulate
matter. Nevertheless, some evidence points towards the fraction of black
carbon in the overall particulate matter mass being a robust indicator for
adverse health effects (Janssen et al., 2011).

The toxicological pathways leading to the observed health effects of
soot likely depend on the soot particle types. Usually, oxidative stress
and inflammatory responses are involved (Donaldson et al., 2005). For
example, upon exposure to DEPs, proinflammatory signaling pathways
increase cytokine expression in vitro (Terada et al., 1999) and in human
lungs in vivo (Salvi et al., 2000). Apart from inflammatory responses,
ROS generated by soot particles has a mutagenic potential, possibly
leading to cancer upon prolonged exposure (Watson and Valberg, 2001;
Barfknecht, 1983).

The physicochemical properties of soot particles (Fig. 1C, Table 1)
depend on the source material and the combustion conditions (Torvela
et al, 2014). Size distributions of particles from wood smoke, for
example, were found to peak at 0.1-0.2 pm in diameter. Particles from
cigarette smoke displayed a distribution peak between 0.3 and 0.4 pm
(Kleeman et al., 1999). Soot particles from highly efficient combustion
processes, including modern diesel-fueled engines, have sizes in the
order of tens of nanometers, which agglomerate to structures with a
typical size of several hundred nanometers (Fig. 1C) (Watson and Val-
berg, 2001; Omidvarborna et al., 2015). During the combustion of heavy
oil fuels, particles with an average size of 10-100 um are formed. In
domestic chimney soot, particles > 1 ym up to 1 mm are found (Watson
and Valberg, 2001). After their release into the atmosphere, particle
aggregation and the condensation of organic matter increases the soot
particles’ size (Janssen et al., 2012; Watson and Valberg, 2001; Patter-
son and Kraft, 2007). There is evidence that the soot particles’ size af-
fects their toxicity (Frank et al., 2013). In one study, the bioreactivity of
soot in the size range of 70-110 nm was increased compared to smaller
and larger particles, leading to an increased expression of cytokines
(Sarkar et al., 2014).

The shapes of soot particles are similarly diverse. Particles formed
from highly efficient combustion processes aggregate to form aciniform,
grape-like structures (Fig. 1C) (Watson and Valberg, 2001; Omidvar-
borna et al., 2015). During the combustion of heavy fuel oils, ceno-
spheres (hollow spheres) can be formed. In domestic chimney soot
resulting from wood or coal burning, xerogels and irregular pieces of
coke and char are prevalent. Xerogels are porous, carbonaceous frag-
ments with an extraordinarily high surface area (Watson and Valberg,
2001). Potentially, the shape of soot particles can affect their toxicity.
For example, by activating molecular oxygen on their surface, an
increasing curvature might lead to a stronger reactivity of the soot
particles (Frank et al., 2013).

The -potential of DEPs lies mainly between — 50 to — 30 mV under
physiological conditions (Sarkar et al., 2014; Chen and Huang, 2017). It
was found that DEPs in the zeta-potential range between — 41 mV and
— 37 mV showed bioreactivity in immune cells. This leads to an increase
in cytokine expression and inflammatory responses (Sarkar et al., 2014).

An essential parameter in soot toxicity is adsorbed PAHs, such as
benzo(a)pyrene (Barflknecht, 1983; Kirrane et al., 2019). These organic
compounds condensate on soot particles during the combustion process
and after their release into the environment (Lee, 2010; Watson and
Valberg, 2001; Eaves et al., 2017). Consequently, soot particles are a
well-known exposure route to PAHs, known for their carcinogenicity
(Lee, 2010). The fraction of PAHs and other organic compounds is
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associated with the mutagenicity of soot particles (Medalia et al., 1983).

The bio-persistence of soot particles might contribute to their
toxicity. From experiments with DEPs in lung cells of rats, the half-life
time of persistence in the lung is known to lie between 80 and 250
days, while the clearance efficiency decreases with the exposure level
(Griffis et al., 1983; Wolff et al., 1987).

2.4. Wood dust

The main components of wood particles are cellulose and lignin.
Most commonly, wood dust is generated during the processing of wood.
Typical exposition levels for woodworkers are (0.2 + 2.6) mg m 3 for
wood dust particles with a size < 4 pm, (0.3 + 2.8) mg m™ for particles
in the size range 4 — 10 um, and (1.5 + 2.7) mg m" for dust in the size
range 10 — 100 pm (Glindmeyer et al., 2008).

According to the IARC, wood dust is classified as carcinogenic to
humans. In their report, the JARC concludes that hardwood is associated
with the formation of adenocarcinoma of the nasal cavities and para-
nasal sinuses, whereas, at the time of the study, the correlation was less
clear after exposure to softwood dust (Delzell, 1995). Since then, mul-
tiple meta-analyses have been published, strengthening the conclusion
of the TARC of a strong association between lung cancer and wood dust
(Alonso-Sardon et al., 2015; Binazzi et al., 2015; Hancock et al., 2015).

Another significant risk associated with wood dust are pulmonary
diseases. For example, an increased risk for cryptogenic fibrosing
alveolitis, a disease characterized by severe inflammation and fibrosis of
the deep respiratory tract, was found in patients exposed to wood dust
(Hubbard et al., 1996). Furthermore, idiopathic pulmonary fibrosis,
which leads to the thickening of lung tissue, is significantly associated
with exposure to both soft- and hardwood dust (Gustafson et al., 2007).

The pathogenesis of diseases associated with wood dust exposure
includes inflammatory responses and the generation of ROS. For
example, the carcinogenicity of particulate matter, including wood dust,
is potentially linked to an immune response and the subsequent gener-
ation of ROS (Inaapen et al., 2004). Furthermore, although the exact
mechanisms leading to idiopathic pulmonary fibrosis are still unclear,
inflammation is likely involved (Gustafson et al., 2007). The role of ROS
in wood dust toxicity was investigated in several in vitro studies,
exposing mouse macrophages and human leukocytes to different hard-
and softwood dust (Naarala et al., 2003; Klein et al., 2001).

Additionally, increased cyto- and chemokines expression was
observed upon exposure to wood dust, indicating an inflammatory
response (Long et al., 2004; Maatta et al., 2005, 2006). Interestingly, this
was independent of the individual wood types, with similar inflamma-
tory responses for soft- and hardwood dust (Maatta et al., 2006). An
inflammatory response to wood dust was also observed in vivo in mice.
In these studies, eosinophil cell counts were increased upon wood dust
instillation, and lymphocytes and neutrophils migrated into the lung of
the mice. Furthermore, the presence of these immune cells was associ-
ated with an increase in proinflammatory chemokines. Strikingly, no
such effects were observed in the same experimental setup upon expo-
sure to titanium dioxide particles of the same size, indicating that these
immune system responses were wood-specific (Madtta et al., 2006).

Physical properties of wood dust (Fig. 1D, Table 1) likely depend on
the wood type and processing technique. For example, when sampling
directly at the milling of wood, the share of particles smaller than
125 pm is only between 1% and 15%, while larger particles make up
most of the wood dust (Ockajova et al., 2020). However, the aero-
dynamic diameters of wood dust particles collected at breathing height
at working places measure between 10 pm and 100 pm (Harper et al.,
2002). Wood dust samples directly generated by sanding of hard and
softwood shows a smaller aerodynamic diameter in the breathable range
of < 10 pm (Maattd et al., 2006; Ojima, 2016; Markova et al., 2018), and
particles of similar size were generated by manual filing (Fig. 1D).

Like the wood particles’ size, also their shape depends on wood type
and processing technique. Usually, the shape of wood dust particles is
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complex and irregular, with a rough surface (Fig. 1D) (Mazzoli and
Favoni, 2012; Liu et al., 1985). How the wood dust particles’ shape af-
fects their toxicity, has not been studied yet.

The (-potential of intact spruce wood capillaries was between
— 10-+10 mV at pH 5.6 (Muff et al., 2018). Cellulose nanofibers pro-
duced from cedar wood powder at pH 6.8-7 showed a {-potential of
— 50 - — 30 mV (Uetani and Yano, 2012). However, the effect of the
{-potential on wood dust particle toxicity is not known.

The ROS production strongly depended on the individual wood
types, possibly linked to different natural chemical compounds (e.g.,
terpenes in softwoods and polyphenolic compounds in hardwoods)
(Naarala et al., 2003). However, chemicals used for wood treatment (e.
g., chromate compounds) are also discussed as potential drivers of wood
dust toxicity (Klein et al., 2001).

The wery high bio-persistence of wood likely enhances wood dust
toxicity in the lung. Biodegradation of lignin and cellulose requires en-
zymes found in specialized microorganisms (Slavin et al., 1981; Perez
etal., 2002; Eriksson et al., 1990). There is evidence that wood cellulose
fibers persist in rat lungs even a year after exposure and that their
estimated half-life is about three years (Mulle et al., 1997).

2.5. Cotton dust

A natural organic airborne pollutant is cotton dust, which is gener-
ated during the processing of cotton. It consists mainly of cotton fibers
and contains bacteria, fungi, and other plant materials such as cotton
stems and leaves (Ayer and Mackison, 1974). Cotton dust exposure in
textile mills varies between different processes and mills; total dust
concentrations in the range of about 0.1-10 mg m™ were observed in a
study investigating five textile mills and fourteen different processes
(Hammad et al., 1981).

Increased exposure of cotton industry workers to cotton dust is
associated with diseases such as asthma, bronchitis, byssinosis (a disease
associated with breathing difficulties and chest tightness), and unspe-
cific respiratory problems (Castranova et al., 1996; Dangi and Bhise,
2017). A 15-year follow-up observation showed that the cumulative
incidence of byssinosis was 24% among cotton textile workers. In
addition, chronic bronchitis and cough were more common and persis-
tent than in the control group (Wang et al., 2003).

Several parameters (Fig. 1E, Table 1) affect the toxicity of cotton
dust. The particles in cotton dust are grouped according to their size into
‘trash’ (> 500 um), ‘dust’ (50-500 um), ‘micro dust’ (15-50 um) and
‘breathable dust’ (< 15 pm) (Dangi and Bhise, 2017). Usually, the
breathable fraction of cotton dust is linked to adverse effects on animal
and human health (Ellakkani et al., 1984).

Mill-collected cotton dust contains a significant fraction of frag-
mented fibers (Fig. 1E) and large pieces of plant material. The individual
cotton dust particles are often irregularly shaped (Goynes et al., 1986).

To date, there have been no investigations of the {-potential of
breathable cotton dust.

The diseases related to cotton dust exposure are likely not directly
caused by the cotton particles but primarily by bacterial endotoxins or
residual pesticides adsorbed to the cotton dust, possibly releasing me-
diators inducing inflammations (Wang et al., 2003; Rylander, 1987,
Solbrig and Obendorf, 1985). Consistently, after exposing guinea pigs to
breathable cotton dust, all treated animals showed a respiratory
response, whereas no response was observed when the animals were
exposed to pristine cellulose powder with the same particle size distri-
bution (Ellakkani et al., 1984).

Cotton is likely very bio-persistent, possibly contributing to its
chronic toxicity, because it contains a large amount of cellulose. As
already mentioned in the section on wood dust, the degradation of
cellulose requires enzymes that are only present in specialized micro-
organisms (Eriksson et al., 1990). In rat and mouse lungs in vivo, cel-
lulose fibers were very persistent and had an estimated half-life of up to
3 years (Muhle et al., 1997, Ilves et al., 2018). Consistently, in lung
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airway lining fluid and phagolysosomal fluid in vitro, there were no
significant signs of degradation of cellulose after up to 9 months of
exposure (Stefaniak et al., 2014).

2.6. Hay dust

Exposure to hay dust has been linked to occupational diseases of the
lung. Apart from organic debris, pollen and toxins such as endotoxins
and mycotoxins are significant contaminants in hay dust (Seguin et al.,
2010). The exposure levels to hay dust vary broadly. For example,
during the operation of a bedding chopper, the total dust level was found
to be in the range of about 10-70 mg m? (Olenchock et al., 1990).
Farmer’s increased exposure to hay dust can lead to various respiratory
symptoms; most prominently, the inhalation of dust from moldy hay can
lead to the so-called farmer’s lung disease (Gregory and Lacey, 1963;
Siegel et al., 1991). Farmer’s lung disease is the most common form of
extrinsic allergic alveolitis; it is classified into an acute, subacute, and
chronic stage (Reboux et al., 2007). Interestingly, also farm animals like
dairy cows exposed to hay dust displayed asthma-like symptoms (Siegel
et al.,, 1991).

The physicochemical properties of hay dust (Fig. 1F, Table 1) may
contribute to its toxicity. For example, about 95% of hay dust particles
are smaller than 5 pm, enabling them to enter the bronchioles upon
inhalation (Séguin et al., 2010; O'Connor et al., 2013). Their shape is
primarily spherical, although irregularly shaped and rod-like particles
also occur in hay dust(O Connor et al.,, 2013). It is not known whether
their shape affects the hay dust particles’ toxicity. To date, there have
been no investigations of the {-potential of hay dust particles.

The most prominent parameter affecting hay dust toxicity are mi-
croorganisms, endotoxins, and mycotoxins associated with the hay dust
(Seguin et al.,, 2010). Usually, these are the cause of the farmer’s lung
disease (Reboux et al., 2007; Cano-Jiménez et al., 2016). Since not the
hay itself but inhaled microorganisms cause farmers’ lung disease,
studies focus on identifying relevant antigens present in the hay dust.
The primary treatment of the disease is avoiding the antigens (Can-
o-Jiménez et al., 2016).

Moreover, like cotton, hay mainly consists of cellulose, likely making
it very bio-persistent (Eriksson et al., 1990; Muhle et al., 1997; Ilves
et al., 2018; Stefaniak et al., 2014).

2.7. Comparability of non-plastic microparticles and MP

In this section, we focused on different non-plastic microparticles of
various materials that potentially determine their physicochemical
properties. Some of these non-plastic microparticles are chemically
more related to MP than others. For example, wood, cotton, and hay
(Sections 2.4-2.6) consist mainly of cellulose, an organic polymer, and
are therefore more similar to MP than asbestos or silica, which are
inorganic crystals (Sections 2.1 and 2.2). MP, usually consisting of
synthetic polymers, is a diverse group of contaminants with a wide range
of physical and chemical properties (Rochman et al., 2019). However,
although chemically very different, the physicochemical properties
governing the different non-plastic and plastic microparticles’ in-
teractions with cells and tissues might still be comparable (Table 1).
Similarities of particles in size, shape, {-potential, adsorbed molecules
and microorganisms, and bio-persistence may explain similarities in
their toxicity and the underlying toxicological mechanisms. Therefore, a
comparison of the properties and toxicology of non-plastic particles with
MP can improve the understanding of the role of physicochemical
properties in MP toxicity.

3. Airborne MP
3.1. Occurrence of airborne MP pollution

Since the topic of MP pollution is relatively new and research mainly
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focused first on aquatic and then terrestrial ecosystems, the number of
literature on airborne MP is still very small (Enyoh et al., 2019).
Nevertheless, first attempts to monitor airborne plastic pollution have
been made.

There are different methedological approaches to identify MP in the
atmosphere. For example, some studies investigated the MP concen-
tration in dust samples either by directly collecting the dust (Liu et al.,
2019; Abbasi et al., 2019; Yukioka et al., 2020) or by investigating the
content of a vacuum cleaner bag (Dris et al., 2017). Furthermore, the
atmospheric fallout has been measured by dry and wet sample collectors
with different opening diameters (Allen et al., 2019; Cai et al., 2017; Dris
et al., 2016), by collecting plant leaves with deposited particles on their
surfaces (Liu et al., 2020), through direct filtering of the air (Dris et al.,
2017; Li et al., 2020) or by using a human breathing thermal manikin
(Vianello et al., 2019). However, the data’s comparability is limited by
the differences in sampling techniques and inconsistencies in data pre-
sentation, often quantifying particle fallout per area, particle count per
volume, or particle mass per volume. Several earlier reviews focused on
these issues (Mbachu et al., 2020; Amato-Lourenco et al., 2020; Huang
et al., 2020; Enyoh et al., 2019; Can-Giiven, 2021; Chen et al., 2020).

Airborne MP particles, including fibers, fragments, and films, have
been found in wvarious environments. Many reports focused on the
occurrence of MP in urbanized areas. For example, Abbasi et al. moni-
tored the MP pollution in street dust and the atmosphere (Abbasi et al.,
2019). The dust samples mainly consisted of a heterogeneous mixture of
MP shapes, whereas fibers were the predominant type of shape in at-
mospheric samples. This study is in concordance with numerous other
studies, showing that the predominant type of MP in atmospheric
samples are fibers (Liu et al., 2019; Cai et al., 2017; Dris et al., 2016;
Szewe et al., 2021), with a higher amount found in indoor than in out-
door samples (Liu et al., 2019; Dris et al., 2017).

However, MP within the atmosphere is not restricted to urbanized
areas. For example, Allen et al. sampled the atmospheric fallout in
remote areas of the Pyrenean mountains and found MP fibers, films, and
fragments in all samples (Allen et al., 2019). In contrast to other, more
urbanized sampling locations, MP fragments (<. 50 um) were the pre-
dominant type. Sahara dust in these samples possibly indicates that MP
fragments in the atmosphere can be transported similarly (Allen et al,,
2019). Furthermore, airborne MP were also detected in the remote
marine atmosphere of the Atlantic (Trainic et al., 2020) and the South
China Sea as well as the East Indian Ocean (Wang et al., 2020) and were
discussed to be able to travel hundreds to thousands of kilometers due to
their irregular and elongated shapes (Trainic et al., 2020; Wang et al.,
2020).

3.2. Properties of airborne MP

MP contamination of the atmosphere includes particles of all sizes
(Table 1). Different studies report MP fibers ranging from smaller than
20 pm to 5 mm in length (Cai et al., 2017; Li et al., 2020; Szewc et al.,
2021), with a predominant length of 100-700 pm (Allen et al., 2019; Cai
et al, 2017). Detected MP fragments ranged from 5pm to 750 um
(Szewe et al.,, 2021) and films from 10 pm to 1520 pm (Szewc et al.,
2021). However, the reported size ranges are heavily influenced by
sampling and detection limits, often making it challenging to quantify
contamination of the atmosphere with microscopic particles (Zhang
et al., 2020). To assess potential risks associated with airborne MP
pollution, improved tools for the study of very small MP < 10 pm will be
required (Vethaak and Legler, 2021).

A study on atmospheric fallout of MP particles in Paris mentions a
count of 118 fallout particles per square meter per day (p m2 d),
ranging from 29 p m?d?!to 280 P m? d? (Dris et al., 2015). Consis-
tently, at different urban and suburban sites, fallouts of fibers of
(110 £ 96) pm™>d” and (53 + 38) p m ™ d"! respectively were reported
(Dris et al., 2016). Similarly, fallouts of 175-313 p m?d? occurred in an
urban area in China (Cai et al., 2017). The corresponding MP fiber
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concentrations at human respiratory height were reported to be between
0.3 and 20 particles per cubic meter (p m *) indoors and 0.1-0.5 p m*®
outdoors, the most abundant fraction of fibers being in the size class of
50-250 pm, which was the lowest size reported in this study (Dris et al.,
2017). Furthermore, a study conducted in the catchment of the River
Weser in Germany reported a mean concentration of 46 p m™ of airborne
MP only in the size range between 4 and 10 pm (Kernchen et al,, 2021),
All studies reported a large variability of observed particle numbers,
possibly correlated with the amount of rainfall, time of year, and sam-
pling site (Dris et al., 2017, 2016, 2015). Similarly, up to 4.18 p m™ of
suspended atmospheric MP particles were reported in Shanghai (Liu
et al., 2019).

3.3. Inhalation and ingestion of airborne MP

Inhalation and ingestion are the main exposure routes of airborne MP
to humans (Fig. 2A). Based on the results above, and assuming an average
breathing volume of 6 | min 1 it was estimated that humans might be
exposed to 26-130 airborne MP of different sizes per day (Prata, 2018). A
study using a human breathing thermal mannequin to simulate human
exposure to indoor airborne MP contamination found even higher
numbers since they measured 272 p d of inhaled MP (Vianello et al.,
2019). A critical shortcoming of these reports is their limited detection of
MP smaller than 50-100 um, likely leading to a gross underestimation of
reported MP contamination. For example, in a study with a lower detec-
tion limit of 5-13 pm, about 70% of the detected MP fallout particles were
smaller than 63 um. Overall, a fallout of 136-512 p m 241 was reported
(Klein and Fischer, 2019). More recently, a study with a lower detection
limit of 0.8 pm reported a MP fiber concentration of about 5600 p m™ at
human respiratory height. More than 80% of all detected airborne parti-
cles were smaller than 20 pm (Li et al., 2020). Consequently, assuming an
average breathing volume of 6 1 min"', humans might be exposed to more
than 48,000 MP p d?! by inhalation. These findings reinforce the concerns
about airborne MP contamination raised by earlier studies (Prata, 2018;
Vianello et al., 2019). Furthermore, ingestion of airborne MP mainly oc-
curs due to the fallout of atmospheric MP during meal preparation and
consumption. Approximately, humans consume 40 — 190 p d ! in this way
(Catarino et al., 2018).

3.4. MP in the lung

Once inhaled, MP can infiltrate the lung depending on its aerodynamic
diameter (Fig. 2B). Especially MP with an AED < 10 um has the potential
to penetrate the lower respiratory tract (Prata, 2018; Martens and Jacobi,
1973; Foord et al., 1978; Williams et al., 2011; Lippmann et al., 1980).
There is evidence that plastic fibers can penetrate the human deep lung
(Pauly et al., 1998; Amato-Lourenco et al., 2021), and plastic fibers were
present in the lower respiratory tract after inhalation by rats (Porter et al.,
1999; Warheit et al., 2003). In addition, it has been shown that MP par-
ticles can penetrate the lungs’ surface lining layer and are taken up by
endothelial cells (Geiser et al., 2003, 2005; Deville et al., 2015; Goodman
et al., 2021). Clearance (clearance from the respective organ, not neces-
sarily the organism) of MP from the lung occurs via two main pathways:
via the mucociliary escalator and via an internalization by pulmonary
macrophages, the first enabling transport of inhaled MP into the gastro-
intestinal tract (Lippmann et al., 1980; Geiser et al., 2005).

3.5. MP in the gastrointestinal tract

Airborne MP may enter the gastrointestinal tract via inhalation and
the mucociliary escalator (Fig. 2B) and by settling onto food during
preparation and consumption (Catarine et al., 2018). Particles >> 50 pm
are likely excreted from the gastrointestinal tract. Schwabl et al. (2019)
reported 20 MP particles larger than 50 ym per 10 g in human stool
samples (Schwabl et al., 2019). To which extent smaller MP are excreted
from the gastrointestinal tract is not yet investigated. Other than
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Pimentel et al., 1975; Miller et al.,
2011; Vobecky et al., 1978; Gallagher et al., 20

excretion, important clearance mechanisms from the gastrointestinal
tract are para- and transcellular internalization of MP into the sur-
rounding tissues. It has been shown that MP can pass the epithelial layer
between enterocytes in a paracellular manner (Volkheimer, 1975). For
the transcellular translocation of microparticles, including MP, the up-
take by M-cells into the Peyer’s patches (lymphoid follicles in the small
intestine) plays a significant role (Carr et al,, 2012; Sanders and Ash-
worth, 1961; Lefevre et al., 1989; Jani et al., 1989; Des Rieux et al.,
2005). Furthermore, it was shown that the translocation efficiency
strongly depends on particles size (Carr et al., 2012; Jani et al., 1990).
For example, the total uptake efficiency into rat gastrointestinal mucosa
of polystyrene (PS) nanoparticles with a size of 50 nm and 100 nm was
around 33% and 26%, respectively, much higher compared to 1 pm
sized MP, of which only 4.5% were taken up (Jani et al., 1990).
Nevertheless, studies report varying magnitudes of translocation effi-
ciency, ranging from 0.04% to 4.5% for particles in the micrometer size
range in rodent models (Carr et al., 2012; Jani et al., 1990).

3.6. Distribution of MP in the organism

MP that was displaced into tissues can become internalized by resi-
dent tissue macrophages (Geiser et al,, 2005). Macrophages as profes-
sional phagocytes do not only internalize micrometer-sized bacteria
(Underhill and Goodridge, 2012), but also microparticles with different
surface properties (Ramsperger et al., 2020; Desjardins and Griffiths,
2003; Irmscher et al., 2013; Kress et al., 2007). Especially the uptake
into Peyer’s patches in the interstitium by M-cells enables interactions of
MP with various immune cells and the subsequent transport to the
lymphatic system (Jani et al., 1989). Also, paracellular transport allows
MP to move from tissues into the lymphatic system (Volkheimer, 1975).
Macrophages not only transport microparticles intracellularly (Keller
et al., 2017), but they can also act as ‘transporters’ for MP inside the
organism, distributing the MP through the lymphatic system to different
organs (Walker and Bullough, 1973; Urban et al., 2000). Moreover,
particles that have been displaced into the lymphatic system can enter
the bloodstream (Evles et al., 2001). There is also evidence for MP being
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1975), and cancer of the lung and bowel might be associated with MP (Mastrangelo ct al.,
15). These diseases are prevalent in exposed workers of the flocking and VC/PVC industry (Prata, 2018).

particles in the upper airways can be cleared via the
mucociliary escalator, translocating these particles into the
GIT, from which a share of the particles will be excreted
(Lippmann et al., 1980; Schwabl et al., 2019). However,
some of the MP particles are translocated deeper into the
tissues of the lung and GIT(Geiser et al., 2005; Volkheimer,
1975; Carr et al., 2012; Sanders and Ashworth, 1961;
Lefevre et al., 1989; 1989; Des Rieux et al.,
2005), C) By crossing epithelial barriers, MP can also enter
the lymphatic system and bloodstream (Volkheimer, 1975;
1989; Eyles ef al., 2001). From there, MP par-
ticles ean distribute in the whole organism, ultimately
(Vol-
2000;
2010;

Excretion

Jani et al.,

Jani et al.,

secondarily exposed organs
1989, 199¢; Urban et al,,
2017; Wick et al.,
2021). D) In exposed tissues, MP particles
may cause inflammatory responses and oxidative stress,
eventually leading to eytotoxicity (Geiser et al., 2005;
Goodman et al, 2021; Mahadevan and Valiyaveettil,
2021). These effects reduce the epithelial barrier resis-
tance, increase MP’s mobility in the organism (Hamoir
et al., 2003; Yacobi et al., 2008; Di Dong et al., 2020), and
may potentially cause additional adverse effects on human
health. E) Among others, diseases like pneumoconiosis (Ng
1998; Eschenbacher et al., 1999), chronic bronchitis (Cortez
2002; Hours et al., 2007; Kern et al.,

reaching  different
kheimer, 1975; Jani et al.,
2001;

Eyles et al., Deng et al.,

Ragusa et al.,

1975; Kern et al.,

directly transferred from primarily exposed organs into the bloodstream
(Volkheimer, 1975). Once in the blood, MP distributes in the whole
organism and can be found in various secondarily exposed organs
(Fig. 2C).

Many studies report evidence of MP migrating to various organs in
humans and different model species, including mice, rats, and dogs. MP
have been found in the liver (Volkheimer, 1975; Jani et al., 1990; Deng
et al., 2017), spleen (Jani et al., 1990; Urban et al., 2000; Eyles et al.,
2001), kidneys and urine (Volkheimer, 1975; Deng et al., 2017), bone
marrow (Jani et al., 1990), brain and cerebrospinal fluid (Volkheimer,
1975), and the placenta (Wick et al., 2010; Ragusa et al., 2021). Inter-
estingly, inflammatory responses at sites of MP exposure can reduce the
integrity of epithelial barriers and activate macrophages. In this way, the
mobility of MP in the body might be increased (Hamoir et al., 2003;
Yacobi et al., 2008; Di Dong et al., 2020). Finally, the MP particles can
irreversibly accumulate in tissues over the human lifetime (Mohamed
Nor et al., 2021).

3.7. MP-associated diseases

There are some reports of MP-associated diseases (Fig. 2E, Table 1),
most of which focus on people working in the textile, flocking, and VC/
PVC (vinyl chloride/polyvinyl chloride) industries. In these industries,
the concentration of airborne MP can reach extraordinarily high levels,
up to 7-40 mg m > or 10° particles m ® (Bahners et al., 1994; Burkhart
et al., 1999). Due to these high levels of exposure to MP, it was possible
to link occupational diseases to MP pollution. Many of the reported ef-
fects occurred in the lung and the gastrointestinal tract, the primarily
exposed organs. A recent review discusses occupational diseases
resulting from MP exposure (Prata, 2018). Briefly, there were reports
about pneumoconiosis (Ng et al., 1991; Studnicka et al., 1995), inter-
stitial lung disease (Cortez Pimentel et al, 1975; Kern et al., 1998;
Eschenbacher et al., 1999), chronic bronchitis (Cortez Pimentel et al.,
1975; Miller et al., 1975), and various other acute and chronic symp-
toms, including cough and dyspnea (Valic and Zuskin, 1977; Zuskin
et al., 1998; Lougheed et al., 1995; Kern et al., 2000}. Apart from that,
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occupational exposure to MP has been correlated to allergic and asth-
matic reactions (Cortez Pimentel et al., 1975; Muittari and Veneskoski,
1978). Additionally, studies reported a significantly increased risk of
these workers for lung cancer (Mastrangelo et al., 2002; Hours et al.,
2007; Kern et al., 2011).

Because of their high exposure to MP, workers in the textile and
flocking industry are also subject to gastrointestinal tract diseases. Cases
of cancer in the digestive system, large bowel, stomach, and esophagus
that were assumed to be due to their high exposure were also reported
(Mastrangelo et al., 2002; Vobecky et al., 1978; Gallagher et al., 2015).
In addition, more recent in vivo studies on mice found decreased in-
testinal mucus and microbiome dysbiosis (a disruption of the gut
microbiome) after exposure to MP (Lu et al., 2018; Jin et al., 2019).

There are also MP-associated diseases reported in secondary organs.
Interactions of human red blood cells with PS MP led to blood cell ag-
gregation and attachment to endothelial cells in vitro (Barshtein et al.,
2016). In rats, injection of PS microspheres led to vascular occlusions,
inflammation, and pulmonary embolism (Zagorski et al., 2003; Jones
et al., 2003). In vitro, it was shown that exposure of sheep blood to MP
induced hemolysis (Hwang et al., 2019). In lymph nodes of patients with
total hip arthroplasty, granular histiocytosis caused by wear particles
from the artificial joints, including MP, was observed (Hicks et al.,
1996). In mice, inflammation of the liver and disturbed hepatic lipid
metabolism were observed upon exposure to MP (Deng et al., 2017).

3.8. Toxicology of MP

Inflammation and oxidative stress contribute to the toxicity of MP
(Fig. 2D). For example, in tissues, MP was observed to cause aggrega-
tions of macrophages, granulation tissue, and a foreign body response
(Urban et al., 2000; Willert and Semlitsch, 1996; Doorn et al., 1996).
Consequently, granulomas with a tendency towards necrosis are formed,
leading to fibrosis and scarring of the tissue (Willert and Semlitsch,
1996). Inflammatory responses are regulated and enhanced by cytokine
production. Upon exposure to PS particles, increased IL-6 and IL-8
production, inflammation, and oxidative bursts in multiple human and
murine monocyte and macrophage cell lines were observed (Di Dong
et al., 2020; Brown et al., 2001; Prietl et al., 2014).

Similarly, PE (polyethylene) MP also caused increased interleukin
and TNPo production (Green et al., 1998; Nich and Goodman, 2014).
Increased cytokine production can activate nearby macrophages,
enhancing inflammatory responses in exposed tissues (Hicks et al., 1996,
Nich and Goodman, 2014; Morawski et al., 1995; Devane et al., 1995).
These inflammatory responses lead to the release of oxidizing species
(Sternschuss et al., 2012). Furthermore, MP can carry oxidizing radicals
on their surface due to weathering, inducing oxidative stress in cells
(White and Turnbull, 1994; Gewert et al., 2015). Oxidative stress can
also be enhanced by releasing adsorbed oxidizing chemicals, e.g., metals
(Kelly and Fussell, 2012; Valavanidis et al., 2013).

Inflammatory responses and oxidative stress may induce cytotox-
icity. For example, in hamster BHK-21 cells, PVC and PMMA (poly-
methyl methacrylate) MP with a size of 0.12pym and 0.14 pm,
respectively, induced increased concentrations of ROS, leading to
reduced cell viability (Mahadevan and Valiyaveettil, 2021). Similarly,
reduced viability and striking morphological changes were observed in
human lung A459 cells upon exposure to PS MP (Goodman et al., 2021).
Moreover, genotoxic effects may result from MP exposure due to me-
chanic stress and leaching of monomers and additives, again leading to
cytotoxicity and possibly cancer (Cobanoglu et al., 2021).

Apart from that, MP may act as a vehicle for toxic chemicals to enter
the organism. Studies showed that the leaching of monomers and ad-
ditives from MP contribute to their toxicity (Porter et al., 1999; Mas-
trangelo et al., 2002; Xu et al, 2003). Furthermore, chemical
compounds, including persistent organic pollutants and heavy metals,
can adsorb to MP and can be released in the organism once ingested
(Rochman et al., 2014; Hirai et al., 2011; liang Liao and yan Yang,
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2020). These chemical pollutants may not only be cancerogenic (Chen
et al., 2019), but also act as endocrine disruptors in organisms (Chen
et al., 2019). Endocrine-disrupting chemicals can threaten fertility and
reproductive health and affect the regulation of many vital functions
(D’Angelo and Meccariello, 2021). For example, upon exposure to PS
MP in mice, changes in serum neurotransmitters and increased acetyl-
cholinesterase activity have been reported, potentially leading to
neurotoxicity (Deng et al., 2017).

4, Potential drivers of MP toxicity
4.1. Size

A common way of classifying ambient microparticles is to group
them according to their size (Kelly and Fussell, 2012). Due to their po-
tential to enter the lower respiratory tract, especially particles with an
AED < 10 pm are toxicologically relevant (Prata, 2018; Kelly and Fus-
sell, 2012). This is the case for all microparticle types covered by this
review article, including MP (Section 3). Furthermore, the transport of
microparticles inside the organism takes place more readily for smaller
micro- and nanoparticles (Kelly and Fussell, 2012), These fine and ul-
trafine particles increase the health risk due to their higher probability
of passing epithelial barriers and because their reactivity with cells and
tissues is increased (Kelly and Fussell, 2012; Geiser et al., 2005). In
epidemiological studies about particulate pollution associated with road
traffic (among others containing soot particles, Section 2.3), it was re-
ported that fine PM2.5 and ultrafine particle pollution has stronger
adverse health effects than larger particles (Schwartz et al., 1996;
Dominici et al., 2006; Mirowsky et al., 2013). Although ultrafine par-
ticles substantially contribute to the toxicity of ambient particulate
matter, it is not sufficiently well understood to what extent coarser
particles are associated with adverse health effects (Kelly and Fussell,
2012). For MP particles, it has been shown in vivo in rats and in vitro in
Mono Mac 6 cells that smaller particles at the lower size limit of MP and
nanoparticles have stronger proinflammatory effects than larger parti-
cles (Brown et al., 2001). Their increased biological activity might be
associated with the larger total surface area of smaller microparticles,
leading to enhanced interactions between microparticles and cells (Kelly
and Fussell, 2012; Schmid and Stoeger, 2016; Brown et al., 2001). Thus,
the small PM10 and ultrafine MP particles are potentially important
drivers of adverse effects on human health. Since their small size also
enables them to enter the respiratory tract, we suggest for future studies
quantifying airborne MP to focus on particles with an AED < 10 pm.
This will be important to assess the risk for human health caused by
airborne MP.

4.2. Shape

Interactions of microparticles with cells and tissues also depend on
the microparticles’ shape. Some pollutants, including asbestos and
natural textile fibers like cotton (Sections 2.1 and 2.5), come in elon-
gated fiber or rod shapes. Irregular shapes are prevalent in other
airborne particles, like silica dust and soot particles (Sections 2.2 and
2.3). MP particles are found various shapes (Section 3): elongated fibers,
for example, released by textile abrasion; irregularly shaped fragments,
among others resulting from the natural degradation and fragmentation
of larger plastic items; and well-defined spherical particles, often added
as primary MP to cosmetic products. Various MP shapes were detected
so far in the atmosphere, with fibers being the most common type.
However, it has to be noted that this could be caused by the sampling
and analytical methods used (Cai et al.,, 2017; Dris et al.,, 2016; Szewc
et al., 2021).

Of all particle types, asbestos is a very prominent example of how
fiber-shaped particles induce toxicity. The thin, long, inorganic fibers
can enter the lung, where resident tissue macrophages try to clear them
by phagocytosis. Due to the fiber length exceeding the typical
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macrophages’ size, the internalization process can often not be
completed, which can cause chronic inflammation and cancer (Section
2.1) (Donaldson et al., 2010; Padmore et al., 2017). This ‘frustrated
phagocytosis’ is a well-studied mechanism relevant to the toxicity of
various fibers from chemically inert materials. For glass and titanium
dioxide fibers, it was shown that frustrated phagocytosis leads to
increased toxicity once a critical fiber length of 12-15 um is exceeded
(Padmore et al., 2017; Hamilton et al., 2009). There is evidence that
fiber-shaped particles might have increased toxicity for titanium dioxide
compared to spherical particles (Allegri et al., 2016). Possibly, next to
the fibers’ length, their bending stiffness might be determining their
toxicity, affecting whether they can be crumpled and consequently
phagocytosed (Lehmann et al., 2019). Since frustrated phagocytosis
mostly depends on the particle geometry, this might be a highly relevant
toxicological mechanism for all fiber-shaped microparticles, including
MP fibers.

Workers in the textile and flocking industry exposed to high levels of
MP fibers exhibit conditions that may be caused by fiber toxicity and
frustrated phagocytosis, like pneumoconiosis and lung cancer (Section
3.7). However, to what extent frustrated phagocytosis is associated with
these occupational diseases remains to be studied. Furthermore, to date,
a large proportion of in vitro research on MP toxicity focuses on
spherical PS particles, neglecting MP fiber pollution and other types of
polymers (Lim, 2021). Therefore, to get a clearer view of the risks
associated with MP fibers, we propose to increase the focus on MP fibers
in future in vitro toxicity studies. Here, especially breathable MP fibers
with a diameter up to 3 pm (AED < 10 pm) should be considered
(Lippmann, 1990; Morgan, 1995). Furthermore, it will be crucial for risk
assessment to identify the breathable portion of MP fiber pollution in
indoor environments. Here, a high level of textile abrasion is expected,
and a significant fraction of the world population spends most of their
time indoors (Schweizer et al., 2007).

4.3. {-Potential

Another important physicochemical property for the assessment of
MP toxicity may be the particles” {-potential. The {-potential of micro-
particles depends amongst others on their surface charge, resulting, for
example, from functional surface groups. In the fabrication of plastic
products, surface functionalization is a common method to adjust ma-
terial properties (Johansson, 2017). Thus, MP particles most probably
cover a broad range of {-potentials. It was recently shown that even
supposedly identical model MP particles have substantially different
{-potentials (Ramsperger et al., 2021). Also, once exposed to the envi-
ronment, functional surface groups might be generated on MP particles
due to photodegradation of the particles (Meides et al., 2021). For
example, carboxylic groups can result from UV exposure of PET (poly-
ethylene terephthalate), PE, PP (polypropylene), and acrylate polymers
(Fechine et al., 2004; Fernando et al., 2007; Decker and Zahouily, 1999).
Thus, weathering might alter the {-potential of MP particles by intro-
ducing negatively charged surface groups. It has been shown that the
interaction of microparticles with cells changes with the particles’
{-potential, indicating that hydrophobic interactions and electrostatic
forces may play a crucial role in cell-particle interactions (Liu et al.,
2013; Shao et al., 2015).

Furthermore, the cytotoxicity of polymeric, metal, and mineral nano-
and microparticles has been linked to the particles’ {-potential (Shao
et al., 2015; Kaur and Tikoo, 2013; Motskin et al., 2009). For example, a
study focusing on the interaction of E. coli and D. magna with differently
coated silver particles showed that the strength of interaction and par-
ticle toxicity depends on the magnitude of the difference in {-potential
between particle and organism (Silva et al., 2014). Similarly, for
asbestos (Section 2.1), with increasing magnitude of the {-potential also
the hemolytic activity increased (Light and Wei, 1977), In addition,
more negatively charged asbestos fibers have been linked to increased
ROS production (Pollastri et al., 2014). Due to electrostatic interactions,
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similar results may be expected for the interaction of MP particles with
mammalian cells. For example, Ramsperger et al. recently reported
enhanced interactions between MP particles and cells for particles with a
higher |(|, leading to an increased cytotoxicity (Ramsperger et al.,
2021). Accordingly, the {-potential of MP particles might be an essential
proxy for their toxicity. We think that it should therefore always be
considered in future in vitro and in vivo effect studies with MP particles.

4.4. Adsorbed molecules and organisms

Additionally, microparticle toxicity might be altered by toxins, bio-
molecules, and pathogens adsorbed to the particles’ surface. For
example, soot particles (Section 2.3) adsorb organic matter and PAHs
during the combustion process and after their release into the environ-
ment (Lee, 2010; Watson and Valberg, 2001; Eaves et al., 2017). PAHs
are usually classified as hazardous due to their carcinogenicity (Lee,
2010). The inhalation of soot particles present in road dust is a
well-known exposure route to PAHs (Kelly and Fussell, 2012; Lee,
2010). Like soot, MP particles can introduce humans to potentially toxic
chemicals. This issue has been covered by several earlier reviews (Prata,
2018; Rochman et al., 2014; Prata et al., 2020; Campanale et al., 2020).
For example, it is controversially discussed whether PAHs, persistent
organic pollutants, and heavy metals may adsorb to MP in the envi-
ronment, enabling them to enter the organism (Hirai et al., 2011; liang
Liao and yan Yang, 2020; Koelmans et al., 2021).

Similarly, adsorbed biomolecules and pathogenic microorganisms
can contribute to the toxicity of microparticles. For natural organic
microparticles like hay dust, toxicity likely results from bacterial en-
dotoxins and mycotoxins of microorganisms colonizing the hay particles
(Section 2.6). Similar observations have been made for MP particles.
Upon exposure to the environment, a biofilm or ecocorona may form on
the particles’ surface (Ramsperger et al., 2020; Ramsperger et al., 2020;
Galloway et al., 2017). These films may carry potentially dangerous
pathogens, including fungal pathogens and antibiotic-resistant bacteria
(Kirstein et al., 2016; Imran et al., 2019; Gkoutselis et al., 2021).

Additionally, biomolecules found in the ecocorona of MP particles
increase particle-cell interactions (Ramsperger et al., 2020) and poten-
tially carry endotoxins and mycotoxins that cause an immune response
leading to allergies. A similar effect leads to the farmer’s lung disease
upon exposure to hay dust (Section 2.6). Therefore, ecocorona and
biofilm formation upon environmental exposure of MP should be
considered when assessing the risk of airborne MP contamination. For
future studies, we suggest including biodegradable polymers in this kind
of research. MP particles made up from these materials might present an
additional carbon source for the colonizing microorganisms, similar to
natural organic particles like hay and cotton. Therefore, these particles
might be preferable for microorganisms, possibly increasing the toxicity
emerging from their environmental exposure.

4.5. Bio-persistence

All the modes of microparticle toxicity mentioned above also depend
on the particles’ residence time in exposed tissues. Therefore, the bio-
persistence of inhaled microparticles has been discussed as a critical
parameter for their toxicity (Oberdorster et al., 1994). Microparticles
that reside in the lung for several months or even many years, like
asbestos or crystalline silica dust (Sections 2.1 and 2.2), are often
associated with chronic inflammation, potentially leading to abnormal
tissue growth (fibrosis) and cancer (Goodman et al., 1999; Wagner,
1997; Leung et al., 2012), Furthermore, non-degradable particles may
accumulate inside the organism when exposed repeatedly, potentially
leading to adverse health effects even at low environmental concentra-
tions (Noonan, 2017; Metintas et al., 2002). In addition, certain types of
microparticles which are often perceived as biodegradable, such as
cellulose-based particles like cotton or wood dust (Sections 2.4 and 2.5),
can be very bio-persistent inside mammalian organisms (Harper et al.,
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2002; Eriksson et al., 1990). Although specialized fungi and microor-
ganisms can enzymatically decompose these materials, they are not
degradable in the lung due to a lack of the necessary enzymes (Eriksson
etal.,, 1990; Stefaniak et al., 2014). Likewise, MP particles are likely very
bio-persistent. Conventional carbon-based polymers are not biologically
degradable and thus extraordinarily biodurable (Andrady, 2015), be-
sides few exceptions like the enzymatic degradation of PET by the
bacterium Ideonella sakaiensis (Tanasupawat et al., 2016).

Moreover, nominally biodegradable polymers like PLA (polylactic
acid) or PBAT (polybutylene adipate terephthalate) are under environ-
mental conditions often very bio-persistent: Effective degradation of
these plastics is usually limited to industrial composting plants (Millican
and Agarwal, 2021; Bagheri et al.,, 2017). Thus, these polymers, like
conventional plastic, may not be decomposed in the lung and other
exposed tissues. Because of their potential to accumulate in the organism
(Mohamed Nor et al.,, 2021), we want to stress the importance of
investigating the magnitude of breathable MP pollution in environments
relevant to human exposure. We suggest for future studies to focus
especially on indoor areas, where high levels of breathable MP pollution
are expected.

4.6. Other possible drivers of toxicity

4.6.1. Surface roughness

Effects of microparticles on cells likely depend on their surface area
(Kelly and Fussell, 2012; Schmid and Stoeger, 2016; Brown et al., 2001).
However, with increasing surface roughness, the effective surface area
of the microparticles also increases, potentially reinforcing interactions
between microparticles and cells (Gatoo et al., 2014). For example, for
chitosan microspheres, it was shown that cells adhere preferentially to
rough particles (Zan et al., 2008). Stronger particle-cell interactions may
potentially lead to enhanced particle toxicity (Silva et al., 2014). The
different particle types we focused on in this review strongly vary in
their surface roughness. Some particles, like PS microspheres readily
employed for MP research (Section 3), usually have smooth surfaces,
whereas other particle types like silica, soot, or wood particles (Sections
2.2-2.4) are more irregularly shaped and rough (Fig. 1). Since MP
consists of various polymers with different properties, the surface
roughness likely differs considerably between MP particles. However, to
date, there is no well-established uniform quantification of the surface
roughness of MP, making it difficult to assess its potential role in MP
toxicity. We suggest for future research on MP toxicity that the surface
roughness of model particles should be considered as one parameter that
potentially impacts health effects. Since the surface area of micro- and
nanoparticles has been discussed as the most effective dose metric for
their toxicity (Schmid and Stoeger, 2016}, it may be insightful to
normalize effects to the effective surface area of MP particles, including
surface roughness, which may be measured by gas adsorption to the
particles using the Brunauer-Emmett-Teller theory (BET surface area)
(Schmid and Stoeger, 2016; Ono-Ogasawara and Kohyama, 1999).

4.6.2. Chemical identity, monomers, and additives

Although some of the toxicological impacts of microparticles on
human health can be attributed to universal physicochemical properties
like size, shape, and {-potential, the chemical identity of microparticle
pollution should not be neglected. Especially plastic is a highly diverse
class of materials, consisting of numerous polymer types frequently used
in various applications. It covers a broad spectrum of physical and
chemical properties, often tuned by surface functionalization (Johans-
son, 2017). This complexity likely leads to a large diversity of MP par-
ticles containing a mixture of chemicals like unreacted monomers and
additives, potentially contributing to their toxicity (Prata, 2018; Roch-
man et al., 2019; Prata et al.,, 2020). To date, most research on MP
toxicity is based on PS microspheres (Lim, 2021; Jacob et al., 2020). This
type of model MP alone might be insufficient to assess the risks associ-
ated with airborne MP contamination because different plastic types in
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the environment may lead to the formation of different MP particles that
contain different monomers and additives. Thus, we think that future
studies should take a more realistic suite of model MP particles from
different polymers with different additives and surface functionalization
into account. This can lead to a more complete understanding of the
health risks associated with airborne MP pollution.

5. Conclusions and future perspectives

Identifying the potential drivers of MP toxicity is a crucial step to-
wards better assessing the potential health risks caused by breathable
MP pollution. Here, we focused on the potential role of the micropar-
ticles’ size, shape, {-potential, adsorbed molecules and microorganisms,
and bio-persistence in the toxicity of airborne MP. By reviewing the
adverse effects on human health associated with six different, well-
studied airborne non-plastic microparticle pollutants, we aimed to
identify the role of these parameters in microparticle toxicity. We then
compared our results to already existing knowledge about the putative
toxicity of airborne MP, providing a basis for identifying possible ways
in which the abovementioned parameters affect MP toxicity. The pa-
rameters we considered in this review article are likely relevant for
assessing risks associated with airborne MP particles. To better under-
stand their role, we suggest for future studies to consider the following
points:

« Smaller MP particles may not only be more readily respired but may
also interact stronger with cells and tissues due to their relatively
larger surface area, making them toxicologically more relevant.
Therefore, it will be essential to quantify the magnitude of breath-
able (AED < 10pm) MP pollution in outdoor and indoor
environments.

Their shape can affect how MP particles interact with cells. Espe-
cially fibers might have the potential to induce adverse effects by
causing frustrated phagocytosis, leading to persisting inflammation.
Thus, we propose that in vitro toxicity assays focus not exclusively on
spherical microparticles but include particles of different shapes,
especially fibers.

The C-potential of MP particles is an easy-to-measure property that
might proxy their interactions with cells and tissues and their surface
reactivity. Thus, it should always be specified according to a
consistent protocol in in vitro and in vivo toxicity studies to ensure
comparability between studies.

Environmental exposure of MP might significantly alter its toxicity
due to the adsorption of toxic molecules, ecocoronas, and microor-
ganisms. Therefore, to understand their potential role in MP toxicity,
environmentally exposed MP should be included in effect studies.
Since conventional and biodegradable MP is likely not degradable in
the human organism, it can accumulate over the human lifetime,
leading to chronic toxicity. Therefore, it will be crucial to assess the
MP pollution in all areas that are relevant to human exposure,

However, other parameters than the abovementioned likely also
affect the toxicity of airborne MP. For example, the surface roughness of
MP might contribute to its toxicity by enlarging its effective surface area.
Furthermore, the polymer type of an MP particle might determine its
physicochemical properties and likely play a role in its toxicity. In
addition, the leaching of potentially toxic monomers and additives can
contribute to the toxicity of MP from different polymers.

Overall, understanding how microparticle properties influence
adverse health effects may lead to a more fundamental understanding of
MP toxicity and support risk assessments of MP pollution. However,
since all these parameters likely play a combined role for MP toxicity,
and due to the highly diverse nature of MP particles, a broad range of
mechanistic knowledge will be required to enable effective policy-
making regarding MP pollution.
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ARTICLEINFO ABSTRACT

Editor: Dr. R Teresa Microplastics and its putative adverse effects on environmental and human health increasingly gain scientific and
public attention. Systematic studies on the effects of microplastics are currently hampered by using rather poorly
characterised particles, leading to contradictory results for the same particle type. Here, surface properties and
chemical composition of two commercially available nominally identical polystyrene microparticles, frequently

used in effect studies, were characterised. We show distinct differences in monomer content, {-potentials and
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;;;FM surface charge densities, Cells exposed to particles showing a lower {-potential and a higher monomer content
GPC displayed a higher number of particle-cell-interactions and consequently a decrease in cell metabolism and
EDX proliferation, especially at higher particle concentrations. Our study emphasises that no general statements can
{-potential be made about the effects of microplastics, not even for the same polymer type in the same size class, unless the
Cytotoxicity physicochemical properties are well characterised.

Material properties

1. Introduction trophic levels up to human beings (Imhof et al., 2013; Wright and Kelly,

2017; Cole and Galloway, 2015; Laist, 1997; Barboza et al., 2020;

Microplastics are found in marine (Eriksen et al., 2014; Imhof et al.,
2017; Lacerda et al., 2019), limnetic (Imhof et al., 2013; Dris et al.,
2015; Klein et al., 2015; Piehl et al., 2019), atmospheric (Dris et al.,
2016; Gasperi et al., 2018; Evangeliou et al., 2020) and terrestrial en-
vironments including agricultural soils used for food production (Pichl
et al,, 2018; Rillig and Lehmann, 2020; Rillig, 2012). Due to their
worldwide distribution and small sizes (< 5 mm, (Arthur et al., 2008;
Frias and Nash, 2019)), they are considered to pose a risk to environ-
mental and human health (Wright and Kelly, 2017; Prata et al., 2020;
Campanale et al., 2020). The ingestion of microplastic particles together
with food has been shown in a variety of organisms ranging from lower
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Mohamed Nor et al., 2021; Schwabl et al., 2019). However, most plastic
particles may pass the gastrointestinal system (Schwabl et al., 2019;
MNelms et al., 2019), and putative effects, such as inflammation evoked
by particles translocated into tissues, may depend on the material's
properties. In this context, research on microplastics considered pre-
dominantly the size of the particles as a crucial factor responsible for
observed effects (Triebskorn et al., 2019). Ingested, larger microplastic
particles can induce gut blockage and cause physical tissue damage
(Bjorndal et al., 1994; Wright et al., 2013), whereas microplastic par-
ticles in the lower micrometre size range can become internalised by
cells (Ramsperger et al., 2020; Stock et al., 2019, Rudolph & Volkl et al.,
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2021), one pathway that has been described for tissue translocation
(Wright and Kelly, 2017). For instance, in zebrafish exposed to 5 and
20 ym polystyrene particles, the 20 pm particles were found in the
gastrointestinal tract and the gills, whereas 5 pm particles were also
found in liver tissue (Lu et al., 2016; Deng et al., 2017). In mussels, it has
been shown that 3.0 and 9.6 um polystyrene particles were able to
translocate from the gastrointestinal tract into the circulatory system
with a significantly higher proportion for the smaller particles used in
that study (Browne et al., 2008). Microplastics translocated into the
circulatory system or tissues can cause inflammation (von Moos et al.,
2012) or necrosis (Wright and Kelly, 2017; Triebskorn et al., 2019; Lu
et al.,, 2016; Rahman et al., 2021; Rodriguez-Seijo et al., 2017). In
contrast, some studies did not observe tissue translocation or any
adverse effects when exposing organisms or their primary cells to
microplastics (Elizalde-Velazquez et al., 2020, Riedl et al., 2021). The
inconsistency in results may be explained by the fact that different
polymer types were used. Given that these different types of microplastic
particles differ in many properties, it is likely that they also elucidate
different effects in ecotoxicological studies. However, the majority of
studies used polystyrene (PS), mostly spherical, microparticles (Brach-
ner et al., 2020; Jacob et al., 2020) as recently stressed by Stock et al.
(2021): “all existing studies dealing with microplastic particle uptake
and toxicity exclusively used spherical, monodisperse model poly-
styrene particles”. Here, it may be assumed that the outcome of studies
using PS microplastics of the same size and shape are comparable with
each other.

However, such monodisperse, spherical PS microparticles are often
functionalised, for example, with carboxylic or amino groups (Desjar-
dins and Griffiths, 2003; Olivier et al., 2004), which alters their surface
properties and renders them chemically activated. Furthermore, Ram-
sperger et al. (2020) recently showed that also non-functionalised PS
microparticles’ environmental exposure leads to a surface functionali-
sation with biomolecules. This so-called eco-corona enhanced the par-
ticle's interaction with cells and subsequently their internalisation. In
addition, even in commercially available microparticles without inten-
ded surface functionalisation, the polymerisation method, often sur-
factant-free emulsion polymerisation or dispersion polymerisation
(Ober et al., 1985; Telford et al., 2013), may alter the surface properties
of the synthesised microparticles. Since microplastic particles have a
high surface-to-volume ratio, these surface properties can be expected to
exert an influence on their effects. In the end, functionalisation, whether
intended or inherent, may influence the interaction of such particles
with the cellular membranes, potentially even the activation of possible
cellular internalisation mechanisms (Lunov et al., 2011; Patino et al.,
2015). Hence, the outcome of studies using microplastics of the same
type, size and shape may also not be comparable with each other.

However, to date, microplastic particles used for effect and cellular
internalisation studies have mainly been categorised by polymer type,
shape, and size (Wright et al., 2013; Stock et al., 2021), while their
physicochemical surface properties were hardly considered. A fact
highlighted in the comprehensive review of Yong et al. (2020), stating
that results from different studies were contradictory, even if the “same
type” of microplastic particles were used. For instance, Stock et al,
(2019) observed no or only little cytotoxicity for polystyrene particles in
the micrometre size range, whereas Dong et al. (2020) did show cyto-
toxic effects for polystyrene particles in the same size range (Stock et al.,
2019; Yong et al., 2020; Di Dong et al., 2020).

We hypothesise that this discrepancy originates from the fact that the
supposedly identical microparticles used in the various studies did
nevertheless differ concerning some important yet unacknowledged
properties. In order to investigate this hypothesis, we used supposedly
identical 3 pm plain polystyrene (PS) microplastic particles, both pro-
vided with no surface functionalisation, from two different manufac-
turers (Polysciences and Micromod, referred to as P-MPP and M-MPP,
respectively). According to the suppliers, both particle types (P-MPP and
M-MPP) used were similar in size, chemistry, and surface conditions
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(“slight anionic charge due to residues of sulphate ester groups”™). To test
if both particle types can be regarded as identical, we characterised the
particles” surface morphology, C-potential, surface charge distribution
and further analysed both PS particle types’ chemical composition. We
correlated the observed surface properties of the microparticles with
their interaction and internalisation with two murine macrophage cell
lines. To estimate putative cellular responses evoked by different surface
properties, we measured cell viability and proliferation after treating the
cells with both microplastic particle types.

2. Materials and methods
2.1. Materials

Chemicals were obtained from Merck, Carl Roth, Sigma Aldrich or
Biozym, cell culture materials from Greiner bio-one (Greiner Bio-One
International GmbH, Frickenhausen, Germany), if not otherwise indi-
cated. Plain polystyrene beads in aqueous solution with a nominal
diameter of 3 ym were purchased from Polysciences (Polysciences Inc.,
Warrington, PA, USA, Cat. # 17134-15, 25 mg/mL, 1.7 * 10? particles/
mL) and Micromod (Micromod Partikeltechnologie GmbH, Rostock,
Germany, Cat. # 01-00-303, 50 mg/mL, 3.4 * 10° particles/mL). Both
commercial sources state the polydispersity with a coefficient of varia-
tion to be < 5%, indicating no relevant size differences between the
particle types. Furthermore, the customer services of the two commer-
cial sources declared that both particle types are prepared by emulsion
polymerisation using a radical initiator. Polysciences further declared to
add 0.05% sodium azide to prevent bacterial growth, whereas the par-
ticles from Micromod are solely suspended in water (information ob-
tained by both providers after request). We calculated the concentration
of sodium azide used in our experiments to estimate potential interfer-
ence in the cellular response experiments. Sodium azide has a molecular
weight of 65 g/mol resulting in a concentration of 7.7 mM of sodium
azide in the stock solution of P-MPP. Since the particles were further
diluted (max. dilution: 1:17,000 (particle concentration: 1.5 ug/mL) and
min. dilution: 1:17 (particle concentration: 1500 pg/mL)) the concen-
tration of sodium azide in the experiments is further diluted to a range
between 0.45 pM and 0.45 mM. The highest sodium azide concentration
in our experiments (MTT assay with 1500 pg/mL) corresponds to a final
concentration of 0.45 mM sodium azide. Weyermann et al. (2005)
described that in MTT assays, a hypertonic concentration of 300 mM
sodium azide is required to trigger a cytotoxic reaction. Microplastic
particles obtained from Polysciences and Micromod are further abbre-
viated as P-MPP and M-MPP, respectively.

2.1.1. Cell lines and culture conditions

The murine ImKC cell line was obtained from Merck (SCC119) and
cultured in RPMI 1640 medium, the J774A.1 cells (DSMZ GmbH,
ACC170) were cultured in Dulbecco’s Modified Eagle's Medium
(DMEM, Lonza Group Ltd, Basel, Switzerland). To obtain cell culture
growth media, DMEM and RPMI were supplemented with 10% (v/v)
FCS (Sigma Aldrich, St. Louis, USA), 4 mM L-Glutamine (Gibco, Fisher
Scientific, Schwerte, Germany), and 100 U/mL penicillin/streptomycin
(Lonza Group Ltd, Basel, Switzerland). Both cell lines were passaged
three times a week with a starting cell density of 100,000 cells/mL for
cell maintenance. The cells were collected non-enzymatically by incu-
bation (5 min incubation time for J774A.1, 10 min incubation for ImKC)
in pre-warmed (37 °C) citric saline buffer (135 mM potassium chloride,
15 mM sodium citrate) or by scraping.

2.2. Methods

2.2.1. {-potential and dynamic lights scattering (DLS) measurements

The {-potential was measured before (stock solution, from manu-
facturer), after washing the particles with Milli-Q water, and after
incubating the particles in two cell culture media (DMEM or RPMI). All
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{-potential measurements were performed in 1 mM KCl to ensure
equimolar salt concentrations and conductivity. For each treatment, 4 uL
of a 25 mg/mL particle solution was diluted in 1 mL of the appropriate
medium (described below) to a final concentration of 0.1 mg/mL. For
the stock solution samples, the particles were diluted in freshly prepared
1 mM KCI and immediately measured. No further preparation of the
particles originating from the stock solution was performed. For washed
samples, loosely bound surfactants had to be removed. Therefore, the
particles were washed with Mili-Q water. The washing procedure con-
sisted of a washing step followed by centrifugation at 17,000g for 20 min
at room temperature. The washing procedure was repeated three times.
After the third wash, the pellet was then resuspended in freshly prepared
1 mM KCl and immediately measured. Compared to the stock solution
and washed samples, a more realistic situation at cell culture conditions
was tested. The particles were incubated in cell culture growth medium
(DMEM or RPMI) overnight at 37 “C. Since the ionic strength of the cell
culture medium is too high for the C-potential measurement, a medium
change to 1 mM KCI using centrifugation was necessary. One centrifu-
gation step at 17,000 g for 20 min at room temperature was performed to
avoid removing a possible protein corona from the particle surface. The
pellet was resuspended in freshly prepared 1 mM KCl and immediately
measured.

The {-potential measurements were performed using Omega cuvettes
(Mat.No.: 155765, Anton Paar Germany GmbH, Ostfildern-
Scharnhausen, Germany) and a LiteSizer 500 (Anton Paar Germany
GmbH, Ostfildern-Scharnhausen, Germany). Three measurements with
at least 100 runs each were performed at 21 °C with an adjusted voltage
of 200 V, and the C-potential was calculated using the Helmholtz-
Smoluchowski equation (Drechsler et al., 2020; Smoluchowski, 1916).
For the stock solution particles, the (-potentials were additionally
measured at different pH values using a pH titration. The pH value was
adjusted automatically by the Methrom dosing system (Metrohm GmbH
& Co.KG, Filderstadt, Germany) with 0.1 M HCl or 0.1 M KOH in pH
steps of + 0.5. P-MPP and M-MPP were measured within a pH range
from 2.5 to 10.5 and 2.5 to 11, respectively. Starting at pH 6, HCI was
added to measure at the acidic pH range (pH 6-2.5), or KOH was added
to measure the {-potential at the basic pH range (pH 6-11). For both pH
ranges, separate samples of particles originating from the stock solution
were used. The pH 6 in the 1 mM KCl is stable for at least 1 h, and since
the measurement at one specific pH were performed within 5 min, we
can be sure that the pH values are correct during the measurements.
During this time, no precipitation of surfactants was observed.

For DLS measurements, 2 uL of the corresponding particle solution
was diluted in 1 mL 1 mM KCI, resulting in a final particle concentration
of 0.05 mg/mL. The measurements with at least 10 runs each were
performed at 21 °C using the backscatter (angle 175°) using a LiteSizer
500 (Anton Paar Germany GmbH, Ostfildern-Scharnhausen, Germany).

2.2.2. Colloidal probe atomic force microscopy (CP-AFM)

Prior to the AFM measurements, tipless cantilevers (CSC38, Mikro-
Masch, Sofia, Bulgaria) were calibrated via thermal noise (IHutter and
Bechhoefer, 1993) and had a spring constant between 0.03 and 0.4 N/m.
Cantilevers were cleaned in Milli-Q water, ethanol, Milli-Q water, and
acetone and treated with air-plasma for 10 min (SmartPlasma, plasma
technology GmbH, Herrenberg-Giilstein, Germany). Silica colloidal
particles (nominal diameter of 4.8 pm, microParticles GmbH, Berlin,
Germany) were attached to the cantilevers with 2-components epoxide
glue (UHU Plus Endfest, UHU GmbH & Co. KG, Biihl/Baden, Germany).
Glass slides were cleaned with acetone, isopropanol, ethanol,
ethanol/Milli-Q water (50:50) and Milli-Q water for 10 min each in an
ultrasonic bath at room temperature. After drying with nitrogen, the
substrates were treated in air-plasma for 10 min. One-half of the sub-
strate was covered with 1 g/L polyethyleneimine for an hour before
rinsing with Milli-Q water and drying with argon. Microplastic particles
were washed 3 times with Milli-Q water, and droplets of the suspension
were placed onto the polyethyleneimine-covered side of the substrates
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until the water evaporated. Thereafter, the substrate with particles was
mounted into a liquid cell and rinsed three times with 0.1 mM NacCl to
remove not immobilised microplastic particles.

CP-AFM measurements were performed in a 0.1 mM NaCl-solution
and at slightly acidic pH due to dissolved CO2 using an MFP-3D Bio
(Asylum Research Inc., Santa Barbara, USA) mounted on an inverted
optical microscope (Axio Observer Z1, Zeiss, Oberkochen, Germany).
After a first optical alignment, force maps for P-MPP (500 nm?, 10 x 10
pts) and M-MPP (300 nmz, 6 x 7 pts) were conducted to determine the
apex of each particle. This allows a precision of nearly 50 nm in the XY
direction. 15-20 particles were evaluated, and each particle was
measured three times with feedback of the lateral deflection. The pre-
cision was sufficient, as there were no significant differences in lateral
deflection between measurements with centred spheres and spheres
with an offset of up to 100 nm. After the alignment of the colloidal probe
and microplastic particle, the measurements were executed with a tip
velocity of 1 um/s and a scan rate of 0.5 Hz.

2.2.3. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was carried out on an Agilent
(Polymer Laboratories Ltd., Church Stretton, UK) PL-GPC 220 high-
temperature chromatographic unit equipped with DP and RI detectors
and three linear mixed beds with guard columns (Olexis). GPC analysis
was performed at 150 °C using 1,2,4-trichlorobenzene as the mobile
phase. Both particle types were centrifuged and subsequently dried.
Afterwards, the particles were dissolved (0.1 wt%) in the mobile phase
in an external oven (150 “C) and the solutions were chromatographed
without filtration. The molecular weights of the samples were refer-
enced to polystyrene standards (Mw = 518-2,500,000 g/mol, K =
12.100 and Alpha = 0.707).

2.2.4. Nuclear magnetic resonance (NMR)

Both particle types were centrifuged and subsequently dried. For
NMR, both particle types were dissolved in CDCls. 'H and '3C liquid-
state NMR spectra were acquired on an Avance III HD spectrometer
(Bruker, Massachusetts, USA) operating at a By field of 16.4 T. The
spectrometer is equipped with a helium-cooled TCI-CryoProbe. The 'H
NMR. spectra (1 (]H) = 700.2 MHz) were obtained with a single pulse
(SP) excitation with a pulse length of 3.0 ps corresponding to 30° tip
angle and a recycle delay of 1 s to allow for quantitative analysis of the
spectral intensities. The 3¢ NMR spectra (v (lSC) = 176.0 MHz) were
acquired with an SP sequence, a 6 us pulse length corresponding to a 457
tip angle and a reeycle delay of 3 s. During '°C acquisition, proton
broadband decoupling was applied using a waltz-16 sequence with vy,
= 3.6 kHz. Both, the *C and 'H NMR spectra are referenced to tetra-
methylsilane (TMS).

2.2.5. Energy-dispersive X-ray spectroscopy (EDX)

Both particle types were dried after recovery by centrifugation and
applied on graphite. EDX spectroscopy was carried out using a Zeiss
Ultraplus (Carl Zeiss AG, Oberkochen, Germany) equipped with a
30 mm? Thermo Scientific UltraDry EDS Detector using a beam voltage
of 20 kV.

2.2.6. Scanning electron microscopy (SEM)

100,000 cells per slide were seeded on @ 13 mm Nunc'™ Therma-
nox'™ slides (Thermo Fisher Scientific, Waltham, MA, USA) and incu-
bated for 24 h under cell culture conditions in cell culture growth
medium. 5 pL of a 180 pg/mL particle solution in cell culture growth
medium was added to the cells (£ 20 particles per cell). After 24 h in-
cubation, the cells were directly fixed using Karnovsky’s reagent (4% (v/
v) formaldehyde, 5% (v/v) glutaraldehyde, with a final concentration of
32 mM PBS, pH 7.4) for 1 h at room temperature and afterwards
dehydrated using an ethanol series 50%, 70%, 80% for 30 min, 90% and
absolute ethanol for 1 h. The overnight air-dried samples were sputter-
coated with platin and depicted using SEM (FEI Apreo Volumescope,
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Thermo Fisher Scientific, magnification 8000, 2 kV, Everhart-Thornley
detector). A 1 mg/mL aqueous particle suspension was dried over-
night on a silicon wafer for the particle characterisation. The samples
were sputter-coated with platin and imaged using SEM (FEI Apreo
Volumescope, Thermo Fisher Scientific, magnification 20,000 and
150,000, 1.5 kV, T2 detector).

2.2.7. Confocal microscopy

The cells were prepared as described in Ramsperger et al. (2020). In
brief, for each particle type and cell line three coverslips (@ 18 mm) with
5 x 10% cells per mL were cultivated for 24 h at cell culture conditions in
12 well plates before incubation with the microplastic particles. For the
experimental procedure, the microplastic particle stock solutions were
diluted in Dulbecco’s phosphate buffer saline (DPBS, Merck) to obtain
the same number of particles (P-MPP 1:50; M-MPP: 1:100; microplastic
particles: DPBS, concentration: 500 ug/mL). 100 L of each microplastic
particle dilution was directly added to pre-cultured cells in cell culture
growth media resulting in a final microplastic particle concentration of
5 pg/mL, corresponding to 340,000 particles per mL or seven particles
per cell. After 1 h incubation on ice to allow particle sedimentation, the
well plates were incubated at 37 °C and 5% COx for 2 h to activate the
cellular metabolism and allow the internalisation of the particles. The
coverslips were washed three times with DPBS to remove unattached
particles. Cells were fixed with 4% PFA and fluorescently labelled with
Alexa Fluor™ Phalloidin 488 (Invitrogen, Carlsbad, USA) as described in
Ramsperger et al. (2020).

To determine the total number of particle-cell-interactions (PCI),
which is defined as a particle in close proximity to a cell, five randomly
chosen regions of interest (ROI) (0.29 mm? each) were selected and
imaged by using a DMI 6000 microscope (LEICA, Wetzlar, Germany,
HCX PL APO 63 x/1.30 oil objective) including a spinning disc unit
(CSU X1, YOKOGAWA, Musashino, Japan) with an EMCCD camera
(Evolve 512, PHOTOMETRICS, Tucson, Arizona, including an additional
1.2 x magnification lens). Procedures were adapted from Ramsperger
et al. (2020), A differential interference contrast (DIC) microscopy
image was acquired from each ROI to quantify the PCI and confocal
stacks of fluorescently labelled cells were acquired using a 488 nm laser
(50 mW, Sapphire 488, COHERENT, Santa Clara, California) at a spin-
ning disc speed of 5000 rpm to excite fluorescence. Axial stacks of the
cells were acquired with a vertical distance of 0.2 pm. As the ImKC cells
are smaller than the J774A.1 cells, the confocal stacks were used to
calculate the area covered by cells within an ROI using the algorithm
described in.

To quantify the number of microplastic particles internalised by the
cells, we screened each sample for 100 PCI, to distinguish between
particles attached to cell membranes or internalised as described in
Ramsperger et al. (2020). The coverslips were screened in the
DIC-channel until 100 particle-cell-interactions were detected, or until
the whole coverslip was screened entirely (e.g., in the case of ImKC cells
treated with M-MPP, where less than 100 particle-cell-interactions were
detected).

For better comparability between P-MPP and M-MPP treatments and
different cell lines, a standardisation was performed to the same area
covered by cells on a coverslip (17.7 mm?, which corresponds to 7%
coverage of a coverslip resulting in a mean of 20,000 cells per coverslip).
This has been performed as the two cell lines showed different areas
covered with cells due to the different sizes of the cells (mean individual
cell size J774A.1: 810 + 190 pm? and ImKC: 350 + 20 um?, calculated
from ROI images of the fluorescent channel). The number of PCI were
extrapolated to a whole coverslip. As the areas on the coverslips covered
by cells differ between replicates and cell lines each coverslip was
standardised (Mean cell area = SE: J774A 0.1 P-MPP: 18.4 £ 0.25 mm?,
M-MPP: 32.6 + 1.5 mmz; ImKC P-MPP: 3.6 + 0.03 mmz, M-MPP:
6.4 -+ 0.26 mm?).
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2.2.8. Metabolic activity assay (MTT)

J774A.1 and ImKC cells were detached with citrate buffer as
described above and 10,000 cells in 100 pL were seeded per well in a 96-
well plate and cultured at cell culture conditions for 24 h. Afterwards,
freshly prepared particle dilutions (1.5, 15, 37.5, 75, 112.5, 150,
750-1500 pg/mL in the corresponding cell culture growth medium,
concentrations are correlating to used concentrations in the literature
(Stock et al., 2019; Harvilchuck and Carlson, 2006) were added for
another 24 h. Additionally, two control treatments were performed.
Cells that were not exposed to microplastic particles are defined as
non-treated cells representing 100% metabolic activity (‘negative con-
trol’), and cells treated with 0.3% Triton X-100 are defined as cells
representing 0% metabolic activity (‘positive control’). During experi-
mental setting of the assay we analysed (under cell-free conditions) the
influence of the microplastic particles on the absorbance measurement.
We showed that even the highest amount of microplastic particles used
does not interfere with the absorption measurement. After 24 h incu-
bation, the cells were washed with DPBS and 50 pL freshly prepared
MTT reagent (1 mg/mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-Diphe-
nyl-2H-tetrazolium bromide (MTT) in serum-free Modified Eagle Me-
dium without phenol red) was added to each well. After 2 h incubation,
the MTT reagent was removed, and 100 pL isopropanol were added per
well. After 5 min rotating at 600 rpm, the absorbance at 570 nm
(reference wavelength 650 nm) was measured using a TECAN GENios
Pro plate reader (Tecan Austria GmbH, Groding). Each cell line - MPP
type and concentration was run in triplicate (except for ImKC, where 6
biological replicates were used for 0-150 pg/mL microplastic particle
concentrations), and each experiment was run in 6 technical replicates.

2.2.9. Proliferation assay

100,000 cells were seeded in 1 mL growth medium per well in a 12-
well plate and left to settle for 3 h at cell culture conditions. Afterwards,
the cells were treated with 37.5, 150 and 1500 pg/mL of either particle
suspension (£ 25, 100, 1000 particles per cell). The cells were collected
after 0, 24, 48 and 72 h with citric saline buffer as described above and
resuspended in 1 mL cell growth medium. Cell number was evaluated
using the automated fluorescence cell counter Luna II (Logos Bio-
systems, Gyeonggi-do, Korea). A 2 uL sample of the cell suspension was
mixed with 18 pL Staining-Mix (Acridine Orange and Propidium iodide,
proprietary concentrations, Logos Biosystems) and loaded into the
chamber of a PhotonSlide (Logos Biosystems). Cells incubated without
particles at otherwise identical conditions were used as reference.

2.3. Statistical analysis

Statistical analysis was conducted either using Origin software
2019b (Origin, Northampton, MA, USA) or R studio software (Version
1.2.5019, R Core Team 2020). All data were tested for normal distri-
bution (Shapiro-Wilk test) and homogeneity of variances (Levene test).
To investigate differences between the particle types in the {-potential-
measurements a one-way ANOVA with a Tukey post hoc test was used.
For PCI and internalisation experiments and MTT, a Kruskal-Wallis test
with a Games Howell post hoc test (p-adjust method for multiple nest-
ing: Bonferroni Holm) was conducted to check for differences between
treatments. For the MTT assay, outliers of > 15% of the overall mean
were excluded from the statistical analysis. For the proliferation ex-
periments, a one-way ANOVA with a Tukey post hoc test was used.

3. Results

3.1. Surface structures and size distributions of P-MPP and M-MPP
Scanning electron microscopy (SEM) analysis revealed that the

morphological surface structures of the P-MPP and the M-MPP differed

(Fig. 1A). Apart from that, both particle types showed a highly mono-
disperse size distribution in the SEM images, which we further
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Fig. 1. (A) SEM images show differences in
surface morphology of both particle types. (B
and C) (-potential measurements of P-MPP
(blue) and M-MPP (red) particles. The {-poten-
tial measurements were performed in 1 mM KCl
at pH 6 (B) and selected pH values during a pH
titration (C). (B) Both particles were measured
in stock solution and after incubation in MilliQ
water as well as after incubation in two cell
culture media (DMEM and RPMI) supplemented
with 10% (v/v) FCS. (C) For the titration, stock
particles were used. Data points represent
mean + SD, n = 3. The surface charge of P-MPP
was significantly more negative than that of M-
MPP, regardless of the pH of the medium used.

B Mean {-potential C 10, (For interpretation of the references to color in
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confirmed by using dynamic light scattering (DLS). Here, the diameter of
P-MPP was 3.1 + 0.4 pm and that of M-MPP 3.0 + 0.5 um, showing that
P-MPP and M-MPP did not differ significantly in size.

3.2. Differences in particles' {-potentials

We measured the C-potentials at pH 6 of both particle types after the
incubation in three different media (Milli Q-water and two cell culture
media DMEM and RPMI) (Fiz. 1B). The initial {-potentials of both par-
ticle types were slightly altered by incubation in Milli Q-water from
—78.4 + 0.4 mV (initial) to —80.3 + 0.7 mV for P-MPP (p < 0.01) and
from —1.6 + 0.1 mV (initial) to —0.7 4 0.2 mV for M-MPP (p < 0.05).
The incubation of P-MPP in both cell culture media supplemented with
10% v/v FCS showed a significant change in {-potential from
~78.4+ 04mV (initial) to -28.6+0.1mV in DMEM and
—31.0 + 0.1 mV in RPMI (p < 0.01). For M-MPP no significant changes
in £-potential were observed after incubation in both cell culture media
(from -1.6+£01mV to -1.54+00mV in DMEM and from
—1.6 £0.1 mV to —1.5 + 0.1 mV in RPMI) (Fig. 1B). This shows that a
considerable difference in the {-potentials of both particle types remains
under cell culture conditions. To investigate the effect of pH on the
¢-potentials, a pH titration was performed. Here, the {-potential of the P-
MPP taken from the stock solution of the supplier decreased from
—47 mV at pH 2.5 to —85 mV at pH 10.5, whereas the {-potential of the
M-MPP changed from + 1.5 mV at pH 2.5to —6.9 mV at pH 11 (Fig. 1C).
Overall, the surface charge of P-MPP was significantly more negative
than that of M-MPP, regardless of the pH of the medium used.

3.3. Particles’ chemical composition and surface charge distribution

For a better understanding of where the differences of the {-potential
of both particle types may originate from, we measured the particles’
chemical compositions and average PS chain lengths by using liquid-
state nuclear magnetic resonance (NMR), energy dispersive X-ray
(EDX) spectroscopy, and gel permeation chromatography (GPC) (Fig. 2
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and Table 1). The NMR spectroscopic analysis showed that both particle
types display a similar and small number of carboxylic groups on their
surfaces., For P-MPP, we found no characteristic NMR signals for co-
monomers and surfactants. However, P-MPP exhibits a content of 3%
of negatively charged chain-terminating sulphate (-5047) units with a
number-averaged molecular weight (M,) of 38,100 g/mol and a poly-
dispersity of 5.0, indicating a higher molecular weight distribution
compared to M-MPP. The negative {-potential of P-MPP indicates that
the sulphate groups are preferentially exposed on the particles” surfaces.
EDX analysis confirmed the presence of sulphur on the P-MPP surface,
which was absent on the M-MPP. We further analysed surface charge
distribution by colloidal probe atomic force microscopy (CP-AFM). We
deduced the effective Debye length from this method, which describes
the range of the electrostatic repulsive forces for like-charged surfaces.
We found a constant effective Debye length of about 24 nm in multiple
P-MPP given by the curves’ slope (Figz. 3A and B) as well as on one and
the same particle (Fig. S1B). This indicates a homogeneously distributed
negative surface charge of P-MPP.

The significantly smaller {-potentials for M-MPP suggest that fewer
charged groups are assembled on the particle surfaces compared to P-
MPP. Chemical composition analysis of M-MPP revealed a content of 1%
charge-neutral chain-terminating benzoic acid ester units which con-
firms the measured low {-potential. The smaller number-averaged mo-
lecular weight (M) of 9500 g/mol corresponds to shorter polymer
chains with a polydispersity of 2.3, resulting in more end groups. One
might assume that considering the higher molecular weight distribution
of P-MPP compared to M-MPP, the density of two beads should be
different. However, the difference in density is defined by the difference
in defects (functional groups), in the present case, essentially end groups
resulting from the initiator. Despite the difference in the molecular
weight distribution of P-MPP and M-MPP, the number of end groups is
too small to cause significant differences in density. More importantly,
the radical polymerisation mechanism in styrene droplets leads to a
preferred accumulation of defects on the surface of the resulting parti-
cles, but to a lesser extent, in the bulk material. Thus, we focused on the
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Fig. 2. Analysis by 'H and 13C liquid-state NMR of the 3 pm-sized P-MPP and M-MPP. (A) Chemical composition with estimated proportions and labelling of the
characteristic units. The chemical structure of the surfactant is exemplarily expressing observed ester and sugar groups. (B) "H NMR spectra and (C) '*C NMR spectra
including assignment of characteristic resonances. Spectra, proportions and characteristic chemical units are given in a colour code (black refers to both particle
types, blue refers to P-MPP, red represents M-MPP). Resonances within the grey regions are assigned to the repeating unit of PS and the other region represents

the surfactant.
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Table 1

Results of the GPC Measurement. M, = number average molecular weight, M,, =
weight average molecular weight, Polydispersity = molecular weight distribu-
tion. Each sample was measured twice and averaged.

M,, (g/mol) M, (g/mol) Polydispersity
P-MPP 38,072 190,385 5.04
M-MPP 9462 22,145 2.34

physicochemical properties of the particles’ surfaces. Small character-
istic resonances for ether and sugar groups containing surfactants were
observed for M-MPP. They might provide sufficient charges to match the
observed low {-potentials and prevent self-aggregation of the particles.
The force curves for M-MPP gained by AFM differed strongly between
measurements on different particles (Fig. 3C). Moreover, only weak
attractive van-der-Waals forces were observed compared to P-MPP, and
the effective Debye length of the electrostatic repulsive forces differed
between 9 nm and 22 nm. These varying effective Debye lengths suggest
that the surface charge is heterogeneously distributed on the M-MPP’s
surfaces, which was subsequently verified by measuring four different
spots on the same M-MPP (Fig. 51A). For two spots, electrostatic
repulsive forces and attractive van-der-Waals forces were found,
whereas the other two spots showed only slightly repulsive electrostatic
forces. Therefore, M-MPP showed not only surface charge heterogene-
ities between single particles but on the very same particle.

Next to differences in surface charge, P-MPP and M-MPP also differ
in their residual monomer content as shown by the 'H- and 1°C NMR
spectra. In P-MPP, 3%o of residual styrene monomers were dissolved
within the PS particles, whereas in M-MPP 2%, were found (Fig. 2B and
C).

3.4. Particle-cell interactions and subsequent internalisation

Our results show, that although both particle types are sold as plain
polystyrene microplastic particles of similar size and surface charac-
teristics, distinct differences exist, in particular, regarding the surface
properties and monomer content. Both properties may alter the inter-
action with cells which we investigated by using two murine macro-
phage cell lines (J774A.1 and ImKC). In this context, SEM analysis
revealed a qualitative difference on the type of particle-cell-interactions
(PCI). A PCI consists of particles being solely attached to cellular

M-MPP
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membranes (Fig. 4, indicated by white arrows) or particles being
covered by cellular membranes and, therefore, internalised (Fig. 4,
indicated by orange arrows). For both analysed cell lines, the SEM im-
ages depicted that P-MPP were more often internalised than M-MPP.
Subsequently, this qualitative observation was confirmed by spin-
ning disc confocal microscopy (Fig. 5). In cell line J774A.1, the observed
PCI were 150 times more frequent for P-MPP than for M-MPP, and P-
MPP were significantly internalised 80 times as often. Similarly, the
ImKC cells, significantly more often interacted (factor of 260) with P-
MPP than with M-MPP, and P-MPP were by a factor of 360 more often
internalised than M-MPP (all differences for both cell lines were highly
significant p < 0.001) (Fig. 6; factors rounded to the nearest integer).

3.5. Cellular responses MTT results

To test if differences in PCI and internalisation are affecting the cells,
we measured the metabolic activity (I'ig. 7) and proliferation (F'ig. 8) of
both macrophage cell lines upon exposure to both particle types. ImKC
cells showed a significant increase in metabolic activity after treatment
with 15 and 37.5 pg/mL P-MPP (p < 0.05) and a significant decrease for
1500 pg/mL P-MPP compared to the negative control (p < 0.05). For the
J774A.1 cell line, we did observe a trend towards a lower metabolic
activity with a rising P-MPP concentration, but the differences compared
to non-treated (100% metabolic activity, negative control) were not
statistically significant. The M-MPP did not significantly affect the
metabolic activity from either cell line at particle concentrations tested.

Furthermore, we analysed possible effects on cell proliferation upon
exposure to a low, medium, and high concentration (37.5 pg/mL,
150 pg/mL, 1500 pg/mL) for both particle types. In the case of cells
incubated with P-MPP cell counts showed a dependence on the particle
concentration for both cell lines. For the ImKC cell line, 150 pg/mL
yielded a significant lower cell count after 72 h compared to the control
(p < 0.05) and a slight increase at 37.5 pg/mL. J774A.1 was not affected
by the latter concentrations. The highest concentration of P-MPP
significantly inhibited the proliferation for both cell lines (p < 0.001).
Growth rates and cell counts for M-MPP did not show significant dif-
ferences (p > 0.05) for both cell types (Fig. 8) at any used concentration.

4. Discussion

Overall, our findings show that chemical composition and surface

Fig. 3. Scheme of a CP-AFM measurement (A)
of P-MPP (B) and M-MPP (C). (A) CP-AFM
measurements were performed with a silica
colloidal probe (grey, 4.8 ym) attached to a
cantilever on polystyrene beads (green, 3 pm, P-
MPP and M-MPP) and obtained in an aqueous
solution of 0.1 mM NaCl (calculated Debye
length A=30nm) and pH 5-6. Semi-
logarithmic force-separation curves of more
than ten particles are plotted and the straight
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solid lines indicate exponential Debye fits.
Force curves in (B) show a constant effective
Debye length of 24 nm indicating a homoge-
neously distributed surface charge for P-MPP.
In contrast, the effective Debye length differs
(9-22 nm) for each of the particles seen in (C)
suggesting a heterogeneously distributed sur-
face charge for M-MPP. The M-MPP also show
an additional slowly increasing force below
10 nm separation. This indicates a steric repul-
sive force. Whereas the curves of P-MPP show a
jump in contact at the same separation induced
by attractive van-der-Waals forces. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article.)
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characteristics of nominally identical microplastic particles from
different suppliers significantly differ and suggest that these differences
influence PCI and cellular responses on two murine macrophage cell
lines.

The differences in the surface properties of P-MPP and M-MPP par-
ticles most likely originate from the differences in the synthesis condi-
tions. Our results indicate that different radical initiators were used,
affecting surface morphology, surface charge, and chemical composi-
tion. The pronounced difference in the {-potentials of P-MPP and M-MPP
was surprising since the supplier described both particle types as bearing
a slightly negative surface charge due to the presence of sulphate ester
groups. However, whereas in the case of P-MPP, we did observe anionic
sulphate groups on the surface, most likely originating from the chosen
initiator (Moad et al., 1982; Van Berkel et al., 2003), we did not find
such evidence for M-MPP. In M-MPP, the heterogeneously distributed
slightly negative {-potential on the surface is most likely caused by a
small portion of carboxyl groups probably formed by oxidation reactions
during the polymerisation process (Beachell and Smiley, 1967; Yousif
and Haddad, 2013; Arrdez et al., 2019). The NMR. spectroscopic data
indicate that a similar process was presumably active in the synthesis of
P-MPP, but the contribution to the P-MPP surface net charge and charge
distribution is negligible compared to the anionic groups from the used
initiator. Moreover, whereas the highly charged P-MPP show a homo-
geneously distributed surface charge, the much lower surface charge of
M-MPP is widely and heterogeneously distributed over the surface.
Since they cannot rely on electrostatic repulsion for colloidal stabilisa-
tion, M-MPP seem to be stabilised by charge-neutral surfactants. In
contrast, in P-MPP the absence of characteristic NMR signals for
co-monomers and surfactants indicates that the interaction with sister
particles and, therefore, also cell membranes is predominantly electro-
static. Given the high surface-to-volume ratio of microplastic particles,
not only the overall charge but also the charge distribution may affect
how cellular membranes and particles interact, since our findings show
that the homogeneously charged P-MPP show significantly higher PCI
compared to the heterogeneously and significantly less charged M-MPP.

Frohlich (2012) describe in their comprehensive review that,
amongst other properties, the surface morphology of a particle can play
a role in how the particles interact with cells. Qur SEM analysis depicts
that the surface structure was slightly more pronounced in P-MPP
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Fig. 4. Qualitative study on particle-cell-
interaction (PCD and internalised microplastic
particles via SEM of J774A.1 and ImKC mac-
rophages incubated with the two different
microplastic particle types. The cells were
incubated with 20 particles per cell for 24 h.
The P-MPP are more often covered by cellular
membranes and therefore internalised (orange
arrows) by both cell lines compared to the M-
MPP, being solely attached to membranes of
both cell lines (white arrows). Scale bar: 10 ym.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)

compared to M-MPP, which might affect PCI and the propensity for
internalisation. For human epithelial cells, a correlation of the surface
roughness with the likelihood of internalisation has been shown, with a
rougher surface of a nanoparticle leading to a higher internalisation
compared to smooth particles (Niu et al., 2015). This is consistent with
our results, where P-MPP become internalised more often than the
smoother M-MPP. In contrast, other studies showed a decreased cellular
internalisation of rougher compared to smoother nanoparticles (Piloni
et al., 2019; Kim et al., 2021), indicating that the surface roughness is
not the dominant factor triggering PCI and internalisation. This has
already been highlighted by Schrade et al. (2012), suggesting that sur-
face charge is more important for internalisation than surface
morphology. For instance, Musyanovych et al. (2011), e.g. showed that
PS nanoparticles with an anionic surfactant with a {-potential of
—60 mV (in KCl, —28 mV in cell culture medium with 10% FCS) were
internalised by HeLa cells more often than nanoparticles stabilised with
a non-ionic surfactant and having a {-potential of —5mV (in KCl,
—12 mV in cell culture medium with 10% FCS). This is in concordance
with our findings that both murine macrophage cell lines showed a
higher number of PCI and internalised particles for the more negatively
charged P-MPP compared to M-MPP. This may be explained by the main
biological function of macrophages, which is the internalisation of
negatively charged bacteria via phagocytosis (Frohlich, 2012). Gebicki
and James (1962) described the {-potential of bacteria with —22 mV at
pH 7.0, which is in the range of the P-MPPs {-potential in cell culture
media. Besides, with 3 um in diameter the PS particles used in our ex-
periments are within the size range of bacteria (Levin and Angert, 2015).

Another aspect of potential relevance for PCI and internalisation is
the formation of a corona on the surface of the particles altering their
initial surface properties (Lundqvist et al., 2008; Tenzer et al., 2013;
Monopoli et al., 2012). The changes in {-potential recorded after incu-
bating the particles in cell culture media are highly indicative of the
formation of a protein corona (Partikel et al., 2019), It has already been
shown that the protein corona formation is influenced by the surface
properties like modification with chemical groups or surface charge
(Lundgvist et al., 2008; Tenzer et al., 2013; Shannahan et al., 2013; Cao
et al., 2019; Saavedra et al., 2019). Our results show that the initially
higher negative {-potential of P-MPP seems to be more altered by the
incubation in cell culture media than that of M-MPP, although the
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difference in {-potential between the particles remain after the incuba-
tion. This indicates the formation of a more pronounced protein corona
on P-MPP, which may additionally explain the distinctly higher numbers
of PCI and internalised particles. However, most of the findings of pro-
tein corona formation were reported for nanoparticles (Lundqvist et al.,
2008; Tenzer et al., 2013; Monopoli et al., 2012; Shannahan et al.,
2013). It has to be noted that care must be taken when comparing nano-
and microparticles, as the particles reactivity is much higher for smaller
particles (Buzea et al., 2007) and the internalisation mechanisms by
macrophages may be different depending on the particle size (Koval
et al,, 1998). Nevertheless, it has been shown that the internalisation of
3 um PS particles coated with biomolecules forming an eco-corona into
cells is enhanced compared to uncoated microplastic particles (Ram-
sperger et al, 2020), indicating that the coating of a particle is an
important factor for PCI and internalisation.

Distinct differences between P-MPP and M-MPP in {-potential, sur-
face charge distribution and residual monomer content may also explain

89

Journal of Hazardous Materials 425 (2022) 127961

Fig. 5. Representative images for the differentiation of
microplastic particles attached to cellular membranes and
internalised particles. Differential interference contrast
(DIC) microscopy images (left column) of M-MPP-cell in-
teractions with cells from the J774A.1 (A) cell line and cells
from the ImKC cell line (B). Fluorescence images were ac-
quired by spinning disc confocal microscopy (right side) of
the same cells from DIC images with fluorescently labelled
filamentous actin (false colour maximum intensity projec-
tion, arbitrary units). XY-, YZ- and XZ-projections of three-
dimensional confocal stacks allow the differentiation of
microplastic particles attached to cell membranes from
internalised microplastic particles. Circles indicate micro-
plastic particle positions. Only those particles being
completely covered by the filamentous actin were consid-
ered to be internalised (A and B lower panel), whereas the
other particles were only attached to cellular membranes.
Scale bars: 10 pm.

the observed differences in cell metabolism and cell proliferation.

No cellular responses were observed for M-MPP in any of the ex-
periments. In contrast, P-MPP induced a significant reduced metabolic
response in both cell lines in the highest used concentration (1500 pg/
mL). The lower metabolic activity is reflected by an inhibited cell pro-
liferation in both cell lines, indicating that the properties of the used PS
particles interfere with the viability of the cells. Further, the ImKC cells
showed an increase in metabolic activity for the lowest concentrations
(15 ug/mL and 37.5 pg/mL) only when exposed to P-MPP. This is
characteristic for a hormesis effect, showing an increase in metabolic
activity at low concentrations of a contaminant with a continuous drop
at higher concentrations (Calabrese and Why, 2008; Gopi and Rattan,
2019). The higher sensitivity observed by the ImKC compared to the
J774A.1 cells may arise from the fact that the cell lines originate from
different body compartments. The J774A.1 cell line was derived from a
murine reticulum cell earcinoma (Ralph and Nakoinz, 1975), whereas
the ImKC cell line was established from murine resident liver Kupffer
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cells (Wang et al., 2014). Kupffer cells were described to be more sen-
sitive to stress factors than some other macrophage cell lines (Tanifum
et al., 2018), whereas J774A.1 cells have generally been described as
less sensitive to particle exposure. For instance, J774A.1 cells exposed to
similar concentrations of 2 um carboxylated-PS particles (Mutzke et al.,
2015) or sulphate-functionalised 4 pm PS particles (Stock et al., 2019)
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did not show cytotoxicity.

The observed cellular responses of the P-MPP compared to the M-
MPP may originate from the higher amount of residual styrene mono-
mers in P-MPP. It has been shown that styrene monomers induce
particularly hepatotoxic effects (Harvilchuck 2006;
Withey, 1976), which could explain the stronger cellular response of

and Carlson,
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Fig. 8. Cell proliferation of J774A.1 and ImKC cell lines in a time and concentration-dependent manner for P-MPP and M-MPP. Each experiment was performed in
12-well tissue culture plates. M-MPP did not significantly influence cell proliferation independent of the concentration. Cells incubated with P-MPP showed almost
no proliferation at 1500 ug/mL and a significantly lower cell count for ImKC at 150 pg/mL after 72 h. Data represent mean + SD, n = 3 and were slightly offset.

ImKC cells. Upon cellular internalisation, these monomers might leach
into the cytoplasm. Leaching of residual monomers is a known problem
in biomedical applications e.g., dental braces (Kloukos et al., 2013).
Furthermore, the higher number of internalised P-MPP could induce cell
damage, leading to reduced cell proliferation. Recently, Goodman et al.
(2021) showed a reduced proliferation ability for a human lung
epithelial cell line after the exposure to 1 and 10 um PS particles. An
increase in particle internalisation has been shown to induce oxidative

stress (Schirinzi et al., 2017; Hwang et al., 2019), which is known to
damage DNA (Townley et al., 2012) and leads to bicenergetic failure
(Fang and Maldonado, 2018) and, therefore, might lower the prolifer-

ation rate as well. In addition, the internalisation of particles occurs
most probably by an energy-dependent mechanism like phagocytosis
(Hirsch, 1965). The higher internalisation rate of P-MPP might therefore
result in less energy available for cell proliferation compared to M-MPP,
which are internalised less frequently. Hence, various particle properties
may act synergistically in causing adverse effects. Surface charge and
morphology enhance particle internalisation, and residual monomers
and increased numbers of internalised particles may affect the viability
of the cells. However, since these effects occurred only at higher con-
centrations, the relevance for exposure to animals and humans is still
debatable. Nevertheless, microplastic particles occurring in nature may
exhibit a huge variety of chemical and physical properties, which may
alter particle cell interaction even at lower concentrations. Further,
microplastic contamination in nature is expected to distinctly rise in the
future (Lebreton and Andrady, 2019), enhancing the number of ingested
or inhaled microplastic particles and might lead to chronic exposure to
particles having properties that potentially cause adverse effects.

5. Conclusion
Overall, our results show that nominally “identical” plain poly-

styrene microparticles from different manufacturers differ highly in
their chemical composition and surface properties resulting in
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pronounced differences in PCI and the proportion of internalised parti-
cles by murine macrophages. Particles showing a more negative {-po-
tential and a higher residual monomer content induced a significant
metabolic response in a sensitive cell line and altered cell proliferation,
especially at higher particle concentrations. Our study paves the way to
explain the discrepancy in the results of previously published effect
studies while highlighting the need for well-characterised microplastic
particles in hazard assessment studies as particles from different man-
ufacturers lead to non-comparable results. It further emphasises that no
general conclusions can be drawn concerning the toxicity of micro-
plastics per se, even for the same type of polymer in the same size range
having the same shape. Hence, only a detailed characterisation of
microplastics’ chemical composition and surface properties allows for
comparability between toxicological studies and enables unravelling
those properties that may render specific types of microplastics
hazardous.
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Fig. 81. Force map (left) of a M-MPP, and the corresponding semi-logarithmic force-separation curves (vight) (B) and of
a P-MPP (C). Obtained in an aqueous solution of 0.1 mM NaCl (A = 30 nm) in a slightly acidic pH 5 -6 through dissolved
CO:, which also reduces the calculated Debye length. The straight solid lines resemble the exponential Debye fit. Force
Maps show the relative height in XY-direction close to the apex of a particle. Colored pixels show the measurement locations
of the force curves displayved right. The brighter the pixel the closer is the measurement location to the apex. Varving
attractive van-der-Waals and repulsive electrostatic forces (measured Debye length 11 nm — 200 nm) with measurement
location are visible for M-MPP in A. For 2 spots (solid squares & curves) we found van-der-Waals and stronger electrostatic
forces than for the other 2 spots (open squares & dashed curves) In contrast, P-MPP show constant attractive van-der-Waals
and repulsive electrostatic forces (measured Dehye length 26 nm) for every measurement location. The jump into contact is
also always visible.
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Due to the abundance of microplastics in the environment, research about its
possible adverse effects is increasing exponentially. Most studies investigating
the effect of microplastics on cells still rely on commercially available poly-
styrene microspheres. However, the choice of these model microplastic par-
ticles can affect the outcome of the studies, as even nominally identical model
microplastics may interact differently with cells due to different surface
properties such as the surface charge. Here, we show that nominally identical

polystyrene microspheres from eight different manufacturers significantly
differ in their {-potential, which is the electrical potential of a particle in a
medium at its slipping plane. The {-potential of the polystyrene particles is
additionally altered after environmental exposure. We developed a micro-
fluidic microscopy platform to demonstrate that the {-potential determines
particle-cell adhesion strength. Furthermore, we find that due to this effect,
the {-potential also strongly determines the internalization of the microplastic
particles into cells. Therefore, the {-potential can act as a proxy of
microplastic-cell interactions and may govern adverse effects reported in
various organisms exposed to microplastics.

The first observation of microscopically small plastic particles in the
ocean was made by Carpenter et al. in 1972', and 50 years later, plastic
particles were detected in all environmental compartments’. In 2004,
Thompson et al. coined the term microplastics, defined as particles
smaller than 5 mm*’. The abundance of microplastics in the environ-
ment is associated with potential risks for environmental and human
health®”. Organisms are predominantly exposed to microplastics via
inhalation or ingestion. The latter has already been described for a

variety of organisms ranging from protozoans’ to even vertebrates™’.
Upon ingestion or inhalation, microplastic particles can translocate
from the gastrointestinal tract or the respiratory organs into the cir-
culatory system®'” and surrounding tissues, leading to adverse effects
such as inflammatory responses’™'. Here, the cellular internalization of
microplastic particles is a potential pathway for the translocation into
tissues””. The cellular internalization of microplastic particles was
reported for pristine particles' as well as environmentally exposed
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particles coated with an eco-corona'”. Among other cell types, a focus
was set on macrophages, since in many organ systems, such as the
lungs, macrophages are among the first cells to encounter inhaled or
ingested microplastic particles™'. Furthermore, due to the mobility of
these cells they can act as transporters for microplastic particles that
translocate them into tissues and lead to their distribution in the
organism°’,

To date, the predominantly used polymer in microplastics
research is polystyrene”* and the vast majority of studies was con-
ducted with monodisperse, spherical polystyrene particles’”*. For
studies that use the same polymer type, shape, and size range, one
should expect that the results are comparable and consistent with each
other. However, studies on potential negative effects of microplastics
on organisms show a large variety of sometimes seemingly contra-
dictory results. For instance, negative effects, such as a reduction in
metabolism and gamete production, inhalation toxicity, inflammation,
and oxidative stress were found in oysters”, rats”, and mice”. In
contrast, no such negative effects were found in other studies in bar-
nacle larvae’ and mice”. On the cellular level, similar discrepancies
have been observed. For example, studies using spherical polystyrene
particles in the micrometer size range showed that microplastic par-
ticles were readily internalized by the cells, inducing an increase in
reactive oxygen species and cytotoxic effects'’. In contrast, another
study using similar particles observed that only a minor fraction of
microplastic particles were internalized by cells, causing no or only
little cytotoxicity'.

Current microplastics research is based on particles produced
by a large number of manufacturers'?*, Although these particles
are all sold as polystyrene microspheres, particles from different
commercial sources can significantly differ in their physico-
chemical properties. Ramsperger et al. showed that two types of
polystyrene particles without a dedicated surface functionalization
differed in their monomer content, {-potential, and surface charge
densities, leading to differences in metabolic activity and cell
proliferation™.

Especially the {-potential, which is the electrical potential at the
shear plane of a particle in a suspension™, has been discussed to
influence the particle-cell interactions and the internalization®***', For
nanoparticles, it is a well-established fact that cellular interactions
(including internalization) and cytotoxicity depend on the particle’s
surface charge and the (potential®*, While neutral nanoparticles
only minimally interact with cells"*, positively charged nanoparticles
interact strongly with both phagocytic and non-phagocytic cells™,
whereas negatively charged nanoparticles interact more frequently
with phagocytic cells*. Additionally, the mechanism of internalization
seems to depend on the polarity and density of the nanoparticles’
surface charge™°. However, not only the physicochemical properties
of the nanoparticles, but also the cell type seems to affect the inter-
nalization of nanoparticles into cells**.

Although the role of surface charge and {-potential for cellular
interactions and internalization is well-known for nanoparticles,
research findings for microparticles are less unanimous, On the one
hand, studies with microparticles are not conclusive about the role of
their surface charge and {-potential for their cellular interactions and
internalization. Since cells generally possess a net negative (-
potential™, it is expected that microparticles with a net positive -
potential interact with cells more frequently and become internalized
more often*”. This has indeed been observed for polylactic acid (PLA),
polylactide-co-glycolic acid (PLGA), and polyethylene oxide/polylactic
acid block copolymer (PELA) microparticles, where less negatively
charged microparticles adhere stronger to cells and become inter-
nalized more often™*", In contrast, other studies showed that both
negatively and positively charged microparticles are phagocytosed
efficiently”, and an increase in negative surface charge can lead to an

increase in internalization efficiency™*.

On the other hand, results from nanoparticles cannot simply be
transferred to microparticles:"*™"" For example, due to their different
surface-to-volume ratio, nanoparticles and microparticles interact
differently with cells and tissues***. Furthermore, the mechanisms of
cellular internalization strongly differ between nanoparticles and
microparticles. Nanoparticles can be internalized by cells via a number
of different endocytic pathways, including clathrin-mediated endocy-
tosis, caveolin-mediated endocytosis, macropinocytosis, and passive
transport into cells’™"". However, due to their size, internalization of
microparticles is limited to the actin-dependent processes of phago-
cytosis and macropinocytosis'”***,

The effect of the {-potential of microplastic particles on their
interactions with cells and organisms is even less clear. Of 216 studies
about possible effects of microplastics for aquatic or mammalian
models currently listed in the ToMEx database, only 17% provided the
Z-potential of the microplastic particles’. Furthermore, despite the
indications for a role of the {-potential for cellular interactions and the
seemingly contradictory results in microplastic cytotoxicity studies,
the role of the -potential has not yet been systematically investigated
for otherwise identical microplastic particles. Furthermore, it was
shown that environmental exposure, leading to the formation of an
eco-corona on the particles, alters particle-cell interactions”. However,
it is not clear whether these changes in particle-cell interactions are
caused by changes in the {-potential.

To shed light on the role of the {-potential as one driver for
microplastic-cell interactions, we investigated nominally identical
polystyrene particle types from eight different manufacturers
(detailed information and subsequent abbreviations see Table 1). Next
to the pristine microplastic particles we additionally incubated sphe-
rical PS-particles from MM in salt and freshwater to investigate the
influence of the environmental exposure on the {-potential. We mea-
sured the particles’ {-potential with a zetasizer for each particle type
and developed a single-cell single-particle multiplexed microfluidic
platform with an artificial intelligence-based data analysis to quantify
the particle-cell adhesion strength. Furthermore, we measured the
proportion of internalized microplastic particles for each particle type
by confocal microscopy. In this way, we aim to quantify how the (-
potential of nominally identical microplastic particles, which may be
additionally altered by exposure to environmental media, affects their
binding kinetics, adhesion strength, and cellular internalization
probability.

Results
The -potential of nominally identical microplastics differ
Although nominally identical, the microplastic particles from the dif-
ferent manufacturers were different in scanning electron micrographs.
There were differences in their equivalent diameter, eccentricity, and
surface roughness (Fig. 1, Supplementary Note 1, Supplementary
Table 1). Furthermore, the {-potential of the particles from different
manufacturers varied from —93.1 mV (ST) to —4.7 mV (MM) (Table 1). ST
(-93.1mV) and PY (-83.8 mV) had similar strongly negative {-poten-
tials whereas TJ (—45.5 mV) had a medium {-potential. All other pristine
particles had {-potentials closer to zero: TS, MG, PX, KI, MM (-13.7 mV,
-12.6 mV, -7.5mV, -5.3mV, and -4.7 mV, respectively).

Incubation of the microplastic particles in cell culture media led to
a decrease in the magnitude of their {-potential. However, the {-
potential after incubation of the microplastic particles in cell culture
media was strongly correlated to their initial {-potential (Pearsons’s
R=0.8, P=0.004): particle types that were strongly negative initially
were still strongly negative after incubation, and particle types that had
an initial {-potential close to zero were still almost neutral after incu-
bation in cell culture media (Supplementary Table 1, Supplementary
Fig. 1). All particle types showed a high colloidal stability in the cell
experiments, no significant aggregation of particles occurred (Sup-
plementary Fig. 2)
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Table 1| Specifications of all polystyrene microparticles

Sample  Manufacturer Product name Product no. Modification Nominal dia- Measured dia- Z (mV)
meter (um) meter (um)
PY Polysciences, Inc. Polybead® 1713415 None 3.00 3.08+0.2 -83.8+0.3
Microspheres

MM Micromod GmbH micromer® 01-00-303 None 3 2.94+0.02 -47+03

MG Microparticles GmbH PS-Forschungspartikel Mone Nene 3.03 297+01 -126£0.3

Kl Kisker Biotech GmbH & Co KG Polystyrene PPS-3.0 None 3 2.96+0.03 -5.3+05

microparticles

ST Spherotech, Inc. none PP-30-10 Mone 3.43 3.47+£0.26 -931£11

TS ThermoFisher Scientific, Inc. Latex Microspheres 5300A MNone 28 2.84+0.03 =13.7+0.2

T) Tianjin BaseLine Chromatographic Unibead PS- 6-1-0300 MNone 3.0 3.36+0.07 -45.5+0.7

Technology Microspheres

PX Phosphorex, Inc. Polyspherex n MNone 3.246 3.13£0.33 -7.5+0.4

MM-SW2  Micromod GmbH micromer® 01-00-303 Salt water incubation, 3 2.97+0.17 -10.0+0.7
2 weeks

MM-SW4  Micromod GmbH micromer® 01-00-303 Salt water incubation, 3 3.03+0.14 =221
4 weeks

MM-FW2  Micromod GmbH micromer® 01-00-303 Freshwater incubation, 3 2.88+0.28 9.2+05
2 weeks

MM-FW4  Micromod GmbH micromer® 01-00-303 Freshwater incubation, 3 296+0.04 -16.0+£2.3
4 weeks

Measured diameters were determined by scanning electron microscopy (see Supplementary Note 1, Supplementary Table 1), Values of measured diameter and Z-potential represent mean + standard
deviation. For the measured diameter, n=10 particles were analyzed per sample. The I-potential measurements were replicated n =3 times

Fig. 1| Scanning electron microscopy micrographs of the polystyrene particles.  particles are highly spherical with smooth surfaces. Those particles exposed to
An overview of the abbreviations and specifications is given in Table 1. The surface  salt water particles (MM-SW2 and MM-5SW4) have larger elevations, probably ori-
morphologies of the different types of particles varied strongly. T) had the roughest  ginating from salts whereas particles exposed to freshwater (MM-FW2 and
surface (see Supplementary Table 1), where T) showed elevations and indentations ~ MM-FW4) show rather smooth surfaces with little elevations. Scale bars: 1pm.
and PX elevations. MG seemed to be covered by a net-like structure. All other
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Eco-coronas affect the {-potential of microplastic particles

The exposure of MM microplastic particles to environmental salt and
freshwater for 2 and 4 weeks lead to the formation of an eco-corona. In
the environmental media, several microorganisms were present,
including cyanobacteria, green algae of the genus Lagerheimia, and
diatoms (Supplementary Fig. 3). Scanning electron microscopy
showed that some of the microplastic particles were visibly coated
with an eco-corona, probably originating from biomolecules released
by the microorganisms (Fig. 1). Accordingly, the equivalent diameters
of the particles slightly increased for MM-SW2, MM-SW4, and MM-
FW4. Their respective standard deviations substantially increased for
all particle types, indicating that they became less monodisperse
(Table 1). Furthermore, the eccentricity and surface roughness
increased for all environmentally exposed particles compared to the
pristine MM particles (Supplementary Table 1).

In a previous study with identically prepared MM particles, we
showed that this eco-corona forms heterogeneous polymer structures
on the particles’ surface with properties of anchored high molecular
weight polymer coatings™. Furthermore, we previously identified
amino acids, nucleic acids, and lipids on MM particles incubated in
freshwater using Raman spectroscopy". To further analyze the eco-
corona in this study, we performed synchrotron-based scanning
transmission X-ray microscopy (STXM, Supplementary Fig. 4, Sup-
plementary Table 2). We observed small amounts of protein-
associated C-O and sugar-associated C-OH groups on the MM parti-
cles. After incubation in freshwater, these signals significantly
increased, indicating the formation of an eco-corona. However, we
could not observe an increase in the amount of proteins and sugars on
MM particles exposed to salt water. A potential explanation could be
that parts of the eco-corona were washed off due to the change in ionic
strength in the seawater-incubated sample during the rinsing proce-
dure that was required to avoid salt precipitation during drying of the
samples. As the surface sensitivity of STXM as a transmission techni-
que is limited, we additionally used X-ray photoelectron spectroscopy
(XPS, Supplementary Table 3). The XPS spectra showed that exposure
of MM to salt and freshwater altered the microplastic particles’ surface.
We detected nitrogen on the surfaces of the environmentally exposed
particles, which was absent in the pristine MM particles, possibly
indicating the presence of biomolecules or other natural organic
matter, Small changes in silicon and oxygen signals could not be reli-
ably separated from potential influences of the substrate (thermally
oxidized silicon wafer). On the surface of the microplastic from salt
water we additionally identified traces of sodium, magnesium, sulfur,
and chlorine compared to the pristine particles.

The particles exposed to environmental media had a more nega-
tive {-potential compared to the pristine MM particles. Like the
pristine microplastic particles, the environmentally exposed micro-
plastic particles slightly changed the magnitude of their {-potential
after incubation in cell culture media (Supplementary Table 1,
Supplementary Fig. 1).

Particle-cell adhesion depends on the {-potential

We developed a microfluidic platform and used a convolutional neural
network to quantify the influence of the -potential on the particle-cell
binding kinetics and the adhesion strength to cells. Particles were diluted
to a concentration of approximately 107 particles per mL in imaging
medium and carefully flushed into the microfluidic channels containing
the cells. In a first step, we used the microfluidic platform to analyze the
diffusive motion of individual particles during the sedimentation onto
the cells. By classifying binding and unbinding events from and to cells
using a convolutional neural network (Fig. 2a), we quantified the average
binding kinetics of each particle type with their respective on-rates ko,
and their off-rate k. (Fig. 2b). A high k,, and a low k. corresponds to
fast binding and slow unbinding respectively and therefore to a strong
adhesion. Some particles bound and never detached until the end of the

experiment. We classified the corresponding binding events to be irre-
versible. In a second step, we exerted a tunable hydrodynamic shear
force on the particles and quantified the number of remaining particles
after 30 s. Using a lattice Boltzmann method, we related the flow rate in
the microchannels to the hydrodynamic shear force on the particles.
With this method, we therefore quantified four parameters (on-rate, off-
rate, percentage of irreversible binding events and percentage of bound
particles under shear force) which enable us to assess the strength of
particle-cell interactions. Since different endocytic pathways such as
phagocytosis depend on particle-cell binding and adhesion this binding
strength is expected to be a relevant parameter for the absolute inter-
nalization probability.

The binding kinetics of different particle types varied significantly
(Supplementary Table 4, Supplementary Data 1) by multiple orders of
magnitude. Between particles and cells, k,, varied between
(8.1+0.8) x10*s" (MM) and 2.5x107s™ (ST) (Fig. 2¢, Kruskal-Wallis
test: two-sided P=175x10") while k., varied between
(L5+0.1)x10*s" (PY) and 2.5%10%s " (MM) (Fig. 2d, Kruskal-Wallis
test: two-sided P=3.00%107). Between particles and coverslips, we
measured rates of a similar magnitude (Supplementary Fig. 5). This
means that particles which strongly bound to cells also bound strongly
to coverslips. However, particle-coverslip adhesion was in general
slightly weaker than particle-cell adhesion. This was reflected by a
generally lower k,, to coverslips and a higher k,y from coverslips
(Supplementary Fig. 5). The fraction of irreversible binding events to
cells varied between (32 +11) % (MM) and (98.6 = 0.3) % (PY, Fig. 2e,
Kruskal-Wallis test: two-sided P=6.71x10™) and in a similar range for
coverslips (Supplementary Fig. 5).

Previously, we showed that exposure to environmental media
alters the cellular interactions and internalization of microplastic
particles”. Therefore, we wanted to investigate whether environmental
exposure affects their binding kinetics and adhesion strength to cells.
We found that MM particles coated with an eco-corona, regardless of
the eco-corona origin (salt or freshwater), adhered stronger to cells
and coverslips than MM particles without an eco-corona. While
unmodified MM particles rarely bound to cells and coverslips, particles
with an eco-corona commonly bound to cells and coverslips. For
example, ko, to cells increased about an order of magnitude from
(8.1+0.8) x10*s™" to (8.0+ 0.9) x 107 s after two weeks in salt water
and to (8.1+1.0) x 105" after two weeks in freshwater. k. decreased
from (2.5+0.2) x107%s™ to (1.4 £ 0.1) 107 s after two weeks in salt
water and to (1.1+0.1) x107s™ after two weeks in freshwater (Fig. 2).
The fraction of irreversible binding events changed from (32+11) %
(MM) to (44 + 6) % and (46 + 3) % after two- and four-weeks exposure to
salt water, and (81+3) % and (32+5) % after two and four weeks
exposure to freshwater. We observed a similar increase of kg,
decrease of k., and an increase of the fraction of irreversible binding
events for the interaction of eco-corona-coated MM with the cover-
slips (Supplementary Fig. 5).

The particle-cell as well as the particle-coverslip binding was
strongly correlated to the {-potential (Fig. 2c-e, Supplementary Fig. 5).
With increasing negative {-potential k,, increased (Pearson’s R=0.9,
two-sided P=4 x107), k. decreased (Pearson’s R=-0.9, two-sided
P=10.0003), and the fraction of irreversible binding events increased
(Pearson’s R= 0.8, two-sided P=0.0007). Overall, the analysis of the
microplastic particle binding kinetics indicates that particles with a
more negative {-potential interact stronger with cells than more neu-
tral microplastic particles.

Since different interaction processes such as phagocytosis depend
on the adhesion between microplastic particles and cells, we also
quantified the adhesive strength under a well-defined shear force.
Therefore, we exerted a constant hydrodynamic drag force of (50 £5)
pN (Eg. (7)) for 30s on the particles after the sedimentation phase
(Fig. 3a) and determined the fraction of remaining particles, which were
not ruptured off (Fig. 3b, c). The measured adhesion strengths varied
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Fig. 2 | Particle binding and unbinding kinetics. a Schematic representation of
the status of a single particle as a function of time. The light green and green bars
indicate whether the particle is close to a cell (light green) or close to the coverslip
(green) and the blue and red bars indicate whether the particle is bound (to either
cell or coverslip, red) or unbound (blue) at a given time point. In this example, there
are three binding events to a cell (light green up arrows) and two unbinding events
from a cell (light green down arrows) as well as one binding event to the coverslip
(green up arrow) and one unbinding event from the coverslip (green down arrow).
The binding kinetics is characterized by the respective binding and unbinding rates
kon and kuer (b), ¢ Binding rates k,,, to cells significantly differed between samples
(Kruskal-Wallis test, two-sided P=1.75 x 10", d Unbinding rates k. from cells
significantly differed between samples (Kruskal-Wallis test, two-sided
P=3.00x107"%). e Fraction of irreversible binding events to cells significantly

differed between samples (Kruskal-Wallis test, two-sided P=6.71x10™"). In gen-
eral, k., was higher for particles with a more negative {-potential (Pearson’s
R=0.9), two-sided P=4 =107, (¢). k. was lower for particles with a more negative
{-potential (Pearson’s R=-0.9), two-sided £=0.0003, (d). The fraction of irrever-
sible binding events also strongly depended on the particle type. Particle-cell and
particle-coverslip binding events with PY and ST particles were almost always
irreversible, while 25-75% of the bonds did rupture spontaneously for MM, MG, K1,
TS, MM-SW2, MM-SW4, and MM-FW4 particles. We found that the fraction of
irreversible binding events is higher for particles with a more negative {-potential
(Pearson’s R=0.8), two-sided P=0.0007, (e). In all panels, error bars represent
standard error of mean of n = 9 measurements (for each measurement, on average
550 particles were analyzed). For particle abbreviations and characteristics see
Table 1. Source data are provided as a Source Data file.

significantly (Supplementary Table 4, Supplementary Data 1) between
particles of different suppliers. For the adhesion to cells, we observed a
remaining fraction between (3 +1) % (MM), indicating that most of these
particles were readily flushed away, and (102+1) % (PY), showing that
these particles were not ruptured off the cells (Fig. 3d, Kruskal-Wallis
test: two-sided P=2.05 x 10°°). The results for the adhesion to coverslips
was similar. However generally, the adhesion strength was slightly lower
in this case (Supplementary Fig. 6). Particles that strongly adhered to
cells also strongly adhered to coverslips and vice versa.

The fraction of remaining particles increased for microplastic
particles coated with an eco-corona (MM-SW2, MM-SW4, MM-FW2,
and MM-FW4), compared to the respective particles without an eco-
corona (MM). For example, the fraction of particles remaining on cells
increased from (3 +£1) % to (24 + 6) % after two weeks in salt water and
to (18 +3) % after two weeks in freshwater. After four weeks in salt
water, the fraction of remaining particles increased to (28 +2) %, and
after four weeks in freshwater, the fraction of remaining particles
increased to (20 + 1) %. We observed a similar increase of the fraction
remaining particles on coverslips after exposure to salt and fresh water
for two and four weeks (Supplementary Figure 6).

The particle-cell and particle-coverslip adhesion was strongly
correlated to the microplastic particles’ {-potential (Fig. 3d, Supple-
mentary Fig. 6). With increasingly negative {-potential, the fraction of
remaining particles on cells strongly increased (Pearson's R=0.95,
two-sided P=1.4 x10°%), Overall, the analysis of the number of particles
remaining bound to cells even under a hydrodynamic shear force

indicate that the adhesive forces between microplastic particles and
cells increase with a more negative {-potential, while more neutral
particles barely adhered to the cells.

Absolute internalization probability depends on {-potential

To investigate whether adhesion is a key determinant for particle
internalization, we studied whether particles which adhered stronger
to cells had a higher internalization probability. To this end, micro-
plastic particles were added to the cells, which were then incubated 1 h
on ice, so that the particles could sediment. Once the particles sedi-
mented, the cells were incubated for 2h at 37 °C so that they could
internalize the microplastic particles. They were then fixed and ana-
lyzed using confocal fluorescence microscopy to quantify the number
of internalized particles. The conditional internalization probability
(Fig. 4a) denotes the probability that a particle is internalized by a cell if
itis already attached to the cell. The highest conditional internalization
probability was found for MG (77 £ 2) % particles, whereas TS particles
had the lowest conditional internalization probability (13+2) %,
(Fig. 4a). Particles from the other manufacturers ranged between
(27 £1) % (PY) and (55+3) % (T)). Although the microfluidics experi-
ments showed a correlation between the {-potential and the adhesion
of the particles to cells and coverslips, the conditional internalization
probability did not correlate with the {potential (Pearson’s R=-0.2,
P=0.6). However, the probability that a microplastic particle is inter-
nalized by a cell depends on both, the probability to adhere to a cell
(i.e., the adhesion strength) and the subsequent probability to get
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Fig. 3 | Adhesion of microplastic particles to cells under shear force. a After the 0 e e e . . o e e el

particles sedimented and bound (red) to the cells (light green) and the coverslip -10? -10?

(green) for 10 min in the microfluidic chamber, we turned on a Poiseuille flow with a C(mV)

profile 1{z) given by Eq. (15) in our channels, imposing a hydrodynamic force of D ey MM F MG

F={50+5) pN (Eq. (7)) on the particles. b, ¢ Right before the flow, all particles Kl O st TS

sedimented and attached to cells or coverslips. We determined the fraction ﬁ T PX MM-SW2

mm-swa &l MM-Fwz MM-FW4

remaining particles after 30 s of flushing. Scale bars: 50 ym. d Fraction of particles
remaining on cells. The observed fraction of particles remaining on cells sig-
nificantly differed between samples (Kruskal-Wallis test, two-sided P=2.05 = 10°°).
The adhesion strength of microplastic particles was strongly correlated with their -
potential {(Pearson’s R = 0.95, two-sided P=1.4 = 107°). While neutral particles barely
adhered to cells, the adhesive forces between microplastic particles and cells
increased with a more negative (-potential. In all panels, error bars represent
standard error of mean of n=9 measurements (for each measurement, on average
550 particles were analyzed). Source data are provided as a Source Data file.

internalized if it is bound. Therefore, we determined the absolute
internalization probability by multiplying the conditional internaliza-
tion probability with the fraction of remaining particles (Fig. 4b). The
absolute internalization probability varied by almost two orders of
magnitude and ranged from (1.1+£ 0.4) % (MM) to (40 + 2) % (ST). Fur-
thermore, it correlated with the {-potential (Pearson’'s R=0.9,
P=5.4x107). The MM particles coated with an eco-corona showed a
higher absolute internalization probability (MM-SW2: (11 +3) %, MM-
SW4: (16 £2) %, MM-FW2: (8 +2) % and MM-FW4: (11 £1) %) than the
unmodified MM particles without an eco-corona (1.1+0.4) %, which

Fig. 4 | Conditional and absolute internalization probability of microplastic
particles into cells. a The conditional internalization probability displayed as a
function of the Z-potential of the particles indicates no correlation between the two
parameters (Pearson's R =-0.2, two-sided P=0.6), whereas the absolute inter-
nalization probability (b) does (Pearson’s R = 0.9, two-sided P=5.4 x107%). The
internalization probability of particles coated with an eco-corona (MM-SW2, MM-
SW4, MM-FW2 and MM-FW4) was calculated from the data published by Ram-
sperger et al.”. In (a), error bars represent standard error of mean of n =3 replicates
(for each replicate, 100 particle-cell interactions were analyzed). The error bars in
(b) were propagated from the uncertainties in (a) and Fig. 3d. Source data are
provided as a Source Data file.

correlated with the more negative {-potential of the environmentally
exposed particles (Table 1).

Microplastics internalized via actin-dependent pathways

To verify our results about the internalization of the particles, we
performed additional experiments where we investigated the inter-
nalization process using live cell imaging. Due to their size, we
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expected that the microplastic particles were internalized either by
phagocytosis or macropinocytosis. Both internalization mechanisms
require remodeling of the actin cytoskeleton, and once the particles
are internalized, they undergo a similar maturation process where they
interact with lysosomes and become acidified™ ™. To test this
hypothesis, we monitored the actin cytoskeleton during particle
internalization by cells that were stably transfected with a LifeAct-GFP
construct. Furthermore, we treated the cells with LysoTracker dye, to
monitor the subsequent maturation process (Supplementary Fig. 7).
We found that all particle types undergo a similar form of inter-
nalization and maturation (Supplementary Fig. 8): First, there was a
substantial peak in the LifeAct signal around the microplastic particles,
indicating that filamentous actin was polymerized. Eventually, the
LifeAct signal around the particles decayed, indicating depolymeriza-
tion of the actin filaments and successful internalization of the
microplastic particle. Subsequently, the LysoTracker signal gradually
increased over time, showing that internalized microplastic particles
underwent a maturation process during which they interacted with
lysosomes and were acidified. We found that 100% of the particles that
were acidified during the measurement time showed a LifeAct peak
before the acidification process started, independent of the micro-
plastic particle type (Supplementary Fig. 9). Overall, these results show
that all particle types were internalized via phagocytosis or
macropinocytosis.

Discussion

We showed in a systematic approach that the {-potential of nominally
identical model microplastic particles differed by up to more than one
order of magnitude, leading to significant differences in their particle-
cell interactions. These differences were likely related to the manu-
facturing process of the particles, since different methods of poly-
merization can lead to different functional groups on the surface of the
particles, originating from different surfactants, initiators, or cataly-
zers used™* ™", These differences in microparticle properties are likely
not only relevant for particles from different manufacturers, but also
for different batches of the same particle type from the same manu-
facturer. Therefore, it is important to always thoroughly characterize
the model microplastic particles that are used.

In previous studies, it has been established that the {-potential
affects the interactions of nano- and microparticles with cells®*** %,
However, especially for microparticles, the results were not unan-
imous. For example, with increasingly negative {(-potential, both
increasing™** and decreasing™* interactions of microparticles and
cells have been reported. We provide deeper insight here, since we
systematically analyzed the cellular interactions of twelve different
microparticle types spanning a wide range of (-potentials from
-4.7mV to -93.1mV., We individually assessed the role of the (-
potential for the microparticle binding kinetics, adhesion strength,
conditional internalization probability, and absolute internalization
probability.

Using our multiplexed single-cell single-particle microfluidic
platform, we quantified the binding kinetics during the sedimentation
of the particles, and the particles remaining attached upon exertion of
50 pN hydrodynamic force. Our results indicate that polystyrene
microplastic particles of the same size and shape with a more negative
{-potential bound faster, unbound slower, and adhered stronger to the
cells. Overall, these measurements agree with previous studies on the
adhesive forces of different particle types. Using magnetic tweezers
Chen et al.” reported adhesion forces of about 15 pN between the
particles and coverslips for polystyrene microplastic particles coated
with extracellular polymeric substances (EPS). Using much larger
10 um sized particles, Liu et al."* quantified adhesive forces by atomic
force microscopy (AFM) between PLA, PLGA, and PELA microparticles
and cells, These measurements yielded adhesion forces of 1.63nN
(PLGA), 1.85nN (PELA), and 2.38 nN (PLA). These forces were higher

than in our study, likely because a much larger particle size that was
used in that study (11 times larger surface area than our particles) and
due to the measurement method applied. With our approach, the
microplastic particles sedimented freely onto cells and coverslips,
whereas in AFM measurements, they were pushed with a force of
several nN onto the cells, potentially leading to a larger contact area
and therefore stronger interactions between particles and the cell
membrane®’, Furthermore, the forces were oriented differently in both
experiments. Whereas with the AFM the forces were exerted perpen-
dicular to the cell surface, they were oriented parallel to the surface in
our approach.

In general, electrostatic interactions quantified by the {-potential
or the specific binding of ligands to membrane receptors can mediate
particle-cell binding and adhesion®. In our experiments, we observed
similar particle-cell and particle-coverslip adhesion strengths. The fact
that the particles’ binding strength both to cells and coverslips was
strongly correlated with their {-potential indicates that local electro-
static interactions between the charged groups on microplastic parti-
cles and the cell membrane (presumably supported by multivalent
ions from the medium*) are highly important for their binding
strength.

This might be also true for the coating with biomolecules from salt
and freshwater forming an eco-corona on the surface of a microplastic
particle. We showed in previous works that environmental exposure
substantially alters the surface of microplastic particles and leads to
the formation of an eco-corona'™”, In this study, we additionally per-
formed SEM imaging, STXM, and XPS to further quantify the eco-
corona structure and constituents. The constituents creating an eco-
corona on the surface of a microplastic particle were previously
described as proteins, humic and fulvic acids, amino acids, lipids,
polysaccharides, and carbohydrates™***, Consistently, the STXM
measurements showed an increase in proteins and sugars on the sur-
face of freshwater-exposed microplastic particles, and the XPS mea-
surements indicated the presence of organic nitrogen on salt and
freshwater-exposed microplastic particles. Molecules like humic and
fulvic acids have multiple carboxylic groups, carrying negative
charges” . As these make up the largest fraction of natural organic
matter®, they potentially caused the more negative {-potential of the
environmentally exposed microplastic particles in our study. There-
fore, different charged sites and different densities of the charged sites
on the surface of the particles lead to different electrostatic forces
between particles and cellular membranes and between particles and
coverslips.

This isin concordance with earlier works that already indicate that
the adhesion of a particle to cellular membranes is mainly driven by the
surface charge of a particle***". However, the cellular membrane
overall has a negative surface charge, which led to the widely accepted
assumption that the binding of positively charged particles to cellular
membranes is more likely than the binding of negatively charged
particles” 2, Nevertheless, there already was evidence that also
negatively charged particles can bind to cellular membranes*”-. The
binding of negatively charged particles to on average negatively
charged cell membranes is potentially supported by a heterogeneous
surface charge of cells. Perry et al.*” demonstrated that the surface of
human adipocytes is locally positively charged, with um-sized patches
with charge densities of up to 50 mC m™, among areas with an average
negative charge density of -15mC m ™, Furthermore, in the presence of
multivalent positive ions, overcharging of the negative surfaces can
occur™, Overcharging describes the process, when a multivalent
positive ion is attracted by a monovalent negative surface group. This
leads to a local overcompensation of the negative surface charge. This
mechanism is also involved in the Schulze-Hardy rule that describes
the limits of colloidal stability in solutions of multivalent ions™ .
Therefore, particles with a more negative {-potential may interact
stronger with the cells. However, some microplastic particle types,
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which had similar {-potentials, differed slightly in their binding kinetics
and adhesion. These differences may reflect ligand-receptor interac-
tions, for example due to binding of the polystyrene or surfactants to
scavenger receptors’®,

Furthermore, in the environment, microplastics are exposed to
numerous natural factors such as UV irradiation™ and eco-corona
formation”*" which can change its {-potential and therefore its inter-
actions with cells. Consistently, we observed that the eco-corona-
coated microplastic particles had a more negative {-potential com-
pared to the uncoated particles, and therefore also a higher binding
strength. Additionally, the higher mobility of the charged groups in the
eco-corona may facilitate an optimal arrangement of the charged
groups on the incubated particle and the coverslip or cells. The higher
portion of optimally aligned charged groups can therefore increase
the adhesion force and subsequent internalization.

We showed that the microplastic particles were internalized either
by phagocytosis or macropinocytosis. For phagocytosis, the adhesion
of microplastic particles to cells is a prerequisite for their internaliza-
tion. In the case of macropinocytosis, both particles that adhered to
the cell membrane and freely diffusing particles can be internalized.
However, the probability of macropinocytosis is higher for particles
adhered to the cell surface since their residence time in the direct
vicinity of the cell is increased compared to freely diffusing particles.
Therefore, the internalization of microplastic particles can be regarded
as a two-stage process™. First, the microplastic particles adhere to the
cell membrane. Second, the attached particles are internalized. Here,
we demonstrated that microplastic particle-cell adhesion is strongly
determined by the {-potential of the particles. However, the condi-
tional internalization probability of the different microplastic particles
did not correlate with the {-potential. This may indicate that for the
process of internalization, unspecific electrostatic forces play a minor
role, whereas the biological identity of a particle plays a larger role for
the internalization.

Depending on the particles’ surface groups, macrophages can
internalize for example polystyrene, silicon, and metal microparticles
via scavenger receptor-mediated phagocytosis™**?, Unlike phagocy-
tosis, which is tightly controlled by these receptor-ligand interactions,
macropinocytosis is a more stochastic process. Nevertheless, it is not
completely receptor-independent, as some receptors like EGFR can
enhance the formation of membrane ruffles, which lead to increased
rates of macropinocytosis™*, Therefore, different chemical surface
groups of the microplastic particles in our study might affect their
interactions with different macrophage receptors, leading to varying
conditional internalization probabilities. However, since adhesion
facilitates particle internalization, the absolute internalization prob-
ability was strongly correlated with the {-potential.

Furthermore, biomolecules present in the eco-corona of micro-
plastic particles may enhance internalization. Such biomolecules have
been reported to trigger endocytic pathways such as scavenger-
receptor mediated phagocytosis, increasing the overall conditional
internalization probability™***. Consistently, we observed an
increased conditional internalization probability for the eco-corona
particles (MM-FW2, MM-FW4, MM-SW2, and MM-SW4) compared to
pristine particles (MM) without an eco-corona. Additionally, inter-
nalization of environmentally exposed microplastic particles is
enhanced due to the increased particle-cell binding affinity.

Because of this two-step internalization process, particle-cell
adhesion is a very important part for particle internalization. It has
been reported that adhesion and internalization are prerequisites for
cytotoxicity™. Thus, at similar concentrations, particles with a more
negative {-potential can potentially be more toxic than particles with a
{-potential close to 0, since interactions with cells are more likely™. To
ensure that ecotoxicological studies on microplastics are comparable
with each other, it will be of utmost importance to thoroughly char-
acterize the model microplastic particles that are used, because even

nominally identical particles can strongly differ in their {-potential. We
want to emphasize that this is also relevant for experiments using the
same particle type from the same manufacturer, as batch-to-batch
variations may occur. This will be equally relevant for effect studies
using other polymer types, as these can similarly differ in their {-
potential®. Furthermore, the {-potential of microplastic particles can
additionally be modified by the adsorbed biomolecules forming an
eco-corona. Therefore, the environmental exposure in complex eco-
systems likely affects the hazard potential of the microplastic particles,
making further studies in this direction necessary.

With our study we highlight that nominally identical particles
from various manufacturers differ in their -potential and in their
interactions with cells. We identified the {-potential as one of the major
drivers for particle-cell adhesion and consequently the absolute
internalization probability. We also demonstrated that environmental
exposure of microplastic particles alters their {-potential and thus their
internalization probability as well. With our microfluidic approach, we
enable an efficient quantification of the binding kinetics and adhesion
strength of single particles attached to single cells in a highly multi-
plexed manner. Due to the importance of the {-potential for the
absolute internalization probability, the choice of model microplastics
may drastically impact the results of microplastic effect studies, since
cellular interactions and internalization of microplastic particles are
one prerequisite for their toxicity’". As the {-potential of microplastic
particles additionally changes with the formation of an eco-corona, the
environmental exposure in complex ecosystems likely affects the
hazard potential of microplastic particles.

Methods

Microplastic particles

Polystyrene particles were purchased from the following different
manufacturers: Polysciences, Inc. (Warrington, PA), Micromod Parti-
keltechnologie GmbH (Rostock, Germany), Microparticles GmbH
(Berlin, Germany), Kisker Biotech GmbH & Co.KG (Steinfurt, Ger-
many), Spherotech Inc. (Lake Forest, IL), ThermoFisher Scientific Inc.
(Waltham, MA), Tianjin BaseLine Chromatographic Technology
(Tianjin, China) and Phosphorex, Inc. (Hopkinton, MA) (see Table 1).
Particles obtained from Tianjin BaseLine Chromatographic Technol-
ogy were provided as a powder, whereas all other particles were pro-
vided in an aqueous solution. The particles from Tianjin BaseLine
Chromtech were dispersed in ultrapure water,

Environmental exposure

Microplastic particles from Micromod Partikeltechnologie GmbH
(MM, see Table 1) were exposed to environmental media as described
by Ramsperger et al.” 100 uL of the particle stock solution was dis-
persed in 900 uL environmental media (salt water from a sea water
aquarium and freshwater from an outside freshwater pond) in a 1.5 mL
autosampler vial. To prevent sedimentation of the particles, the vials
were placed on a sample roller. To keep the microbial communities in
the respective media intact, the salt water and freshwater was replaced
3x per week. For that, samples were centrifuged for 20 min at 2000x g,
900 pL of the supernatant was discarded and replaced with 900 pL of
fresh environmental media. Microplastic particles were incubated for 2
and 4 weeks, respectively.

Microplastic particle characterization

Scanning electron microscopy. To investigate the surface structures
of microplastic particles, samples were analyzed using a scanning
electron microscope (SEM, FEI Apreo Volumescope, Thermo Fisher
Scientific, 5kV, working distance 10 mm, Everhart-Thornley detector
for qualitative images; 3 kV, WD 5 mm, T1 in-lens detector for quanti-
tative analysis). First, each stock solution of the microplastic particles
was diluted in ultrapure water (1:100), and 100 pL of this dilution was
pipetted onto a silicon wafer placed on carbon conductive tabs (@
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12 mm Plano GmbH, Wetzlar, Germany) fixed to aluminum stubs (@
12 mm, Plano GmbH, Wetzlar, Germany). To preserve the eco-corona,
the environmentally exposed beads were fixed using Karnovsky’s
fixative (2% PFA (reagent grade, Sigma Aldrich, Merck KgA, Germany)
and 2.5% glutaraldehyde (for electron microscopy, Carl Roth GmbH,
Germany) in 1x PBS) prior to dehydration in an ethanol series (30%,
50%, 70%, 80%, 90% for 30 min each, 95% and absolute ethanol for 1h
each, Ethanol purity >99.9%, VWR International S.A.S., France) and
dried in hexamethyldisilazane (HMDS, purity > 98%, Carl Roth GmbH,
Germany)®. The stubs were then transferred into a desiccator and
stored until the images were acquired. Samples were subsequently
coated with a 4 nm-thick platinum layer (208HR sputter coater, Cres-
sington, Watford, UK) and analyzed using the SEM.

SEM micrographs (pixel size: 2.08 nm) were analyzed quantita-
tively using a custom-coded SEMParticleAnalyzer MATLAB program.
The micrographs were filtered using a median filter with a radius of 3
pixels. To automatically detect the microplastic particles in the
micrographs, the gradient of the images was calculated. This gradient
image was binarized by choosing a suitable threshold, usually around
30-35% of the maximal pixel value. Then, binary components were
dilated by 5 pixels, and remaining holes were filled. The resulting
binary components were eroded by 5 pixels. Components smaller than
5% 10° pixels (equivalent diameter of 1 ym) and components touching
the border of the image were discarded.

To analyze the particle properties, the equivalent diameter, major
axis length, minor axis length, and the perimeter of the particles were
evaluated using the regionprops() function of MATLAB. We analyzed
the equivalent diameter, the eccentricity, and the roughness of the
particles. We defined the eccentricity as the quotient of the major and
minor axis length. An eccentricity value of 1 would correspond to
perfectly spherical particles, larger values indicate aspherically shaped
particles. The roughness was defined as the particles’ perimeter divi-
ded by the perimeter of a circle with the same equivalent diameter.
Roughness values of 1 indicate perfectly smooth surfaces, larger values
indicate an increased surface roughness. Due to the median filtering
and dilation/erosion during image segmentation, only surface irregu-
larities on length scales larger than 10 nm were detected.

T-Potential. {-potential was measured with a Zetasizer Nano ZS (Mal-
vern Panalytical, Worcestershire, UK) at 24 °C after an equilibration
time of 120 s. The {-potential was obtained by 3 single measurements
with 50 runs each lasting 1 s. Particles were dispersed in 1 mM KCl. The
pH in the samples ranged from 5.5 to 6.1, and the conductivity from
0.18mScm™ to 0.22 mS cm™. To measure the influence of an incuba-
tion of the particles in cell culture media, the particles were incubated
for 2 h in 9 mL cell culture media at a concentration of 1.5 x 10° parti-
cles mL . After the incubations, particles were centrifuged for 20 min
at 2000x g, washed 1x in 1 mM KCl, and resuspended in 1 mL 1 mM KCI.
Then, their {-potential was measured as described above. The pH in the
incubated samples ranged from 5.4 to 6.7, and the conductivity from
016 mScm™to 0.21mScm™.

Synchrotron-based scanning transmission X-ray microscopy.
Samples for STXM analysis were gently rinsed in DI water to avoid salt
precipitation during drying. Samples were wet deposited from aqu-
eous suspensions onto formvar coated 300 mesh Cu TEM grids,
blotted and dried immediately. Samples were analyzed at beamline
10ID-1 at the Canadian Light Source. Image stacks across the Cls
absorption edge were recorded between 275 and 340 eV with 0.1eV
steps in the energy region of interest. Images were aligned and con-
verted from transmission to linear absorbance scale (optical density
(OD)) using aXis2000™, The surface regions were selected in the STXM
images based on the average optical density (OD) range of 0.1-0.9
across the Cls absorption edge, which is equivalent to a cumulative

thickness of up to 100 nm, arranged tangentially around the PS parti-
cles. The equivalent thickness was calculated using the atomic scat-
tering factors™, the formula CgHg and an assumed density of
1.09 g cm™ of the polystyrene. All 3 spectra were decomposed into a
sum of individual gaussian peaks plus the ionization edge modelled as
an arctan function. A minimum of 7 analytical peaks was required and
used for fitting the respective spectra: 284.0 eV (quinone C = 0), 285.0
and 285.4 eV (aromatic C=C), 287.4 eV (aliphatic C-C), 288.2 eV (pro-
tein C-0), 288.9 eV (carboxylic C-0), 289.5 (polysaccharide C-O). Peak
energies and widths were optimized and fixed at the same values for all
3 spectra, whereas the respective peak areas were fitted using the peak
fitting algorithm of Athena®.

X-ray photoelectron spectroscopy. All XPS studies were carried out
by means of an Axis Ultra photoelectron spectrometer (Kratos Analy-
tical, Manchester, UK). The spectrometer was equipped with a
monochromatic Al K-alpha (1486.6 eV) X-ray source of 300 W at 15 kV.
The kinetic energy of photoelectrons was determined with hemi-
spheric analyzer set to pass energy of 160 eV for wide-scan spectra and
20eV for high-resolution spectra. During all measurements, electro-
static charging of the sample was avoided by means of a low-energy
electron source working in combination with a magnetic immersion
lens. Later, all recorded peaks were shifted by the same value that was
necessary to set the component peak of the sp™-hybridized carbon
atoms to 285.00 eV. The polystyrene particles were deposited as a
particle film from their aqueous suspension on a thermally oxidized
silicon wafer. Quantitative elemental compositions were determined
from peak areas using experimentally determined sensitivity factors
and the spectrometer transmission function. The spectrum back-
ground was subtracted according to Shirley”. The high-resolution
spectra were deconvolved by means of the Kratos spectra deconvo-
lution software. Free parameters of component peaks were their
binding energy (BE), height, full width at half maximum and the
Gaussian-Lorentzian ratio.

Cell lines and cell culture conditions. Murine macrophage
J774A.1 cells (DSMZ, Braunschweig, Germany) and a stable ]774A.1 cell
line transfected with a LifeAct-GFP construct™ were cultured under
standard culture conditions (37 °C, 5% CO,, humidified) in Dulbeccos’s
Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific Inc., Wal-
tham, MA), supplemented with 10% (v/v) FCS (Thermo Fisher Scientific
Inc., Waltham, MA) and 1% penicillin/streptomycin (Thermo Fisher
Scientific Inc., Waltham, MA)"™**, To maintain suitable cell concentra-
tions, cells were passaged three times per week and cultured in T-25
culture flasks (CORNING, New York, USA).

Microfluidics. Custom-built flow chambers were used to quantify the
adhesion strength between microplastic particles and cells. Flow
chambers were built from a plastics top part (sticky-Slide I Luer,
nominal channel height 0.1 mm, nominal width 5 mm, nominal length
48 mm, ibidi GmbH, Grifelfing, Germany), which was glued to a glass
coverslip (24 mm x 60 mm, #1, Menzel Gliser, Thermo Fisher Scientific
Inc., Waltham, MA) with a thin film of epoxy resin one day before the
experiments.

Prior to the microfluidic experiments, the cells from culture
stocks were scraped off the culture flasks into the culture medium,
centrifuged (150x= g, 2 min, 20 °C) and re-suspended with 600 L of cell
culture medium. Into each flow chamber, 200 pL of cell suspension was
added and transferred back into the incubator at 37 °C and 5% CO, for
1huntil the cells adhered to the bottom coverslip of the flow chamber.

Live cell imaging was performed with a frame rate of 1Hz on an
inverted, motorized microscope (Nikon Eclipse Ti, Nikon, Tokyo,
Japan) with a 10x objective (CFl Plan Fluor DL 10%, Nikon, NA=0.3),
which was equipped with a CCD camera (pco.pixelfly usb, PCO AG,
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Kehlheim, Germany). The microscope body was enclosed in a custom-
built incubation chamber which keeps the body of the microscope and
the sample at a temperature of 37°C. A high precision linear stage
(L511.20DG10, Physik Instrumente, Karlsruhe, Germany) was used to
drive the piston of a syringe (rpison=6.135mm) with a controlled
motor velocity v, to control the flow in the chamber. The syringe was
connected to the flow chamber with a tubing system, in which check
valves (RVMINI-32, Piper Filter GmbH, Zwischenahn, Germany) were
used similarly to the way diodes are used to build a bridge rectifier in
an electrical circuit to ensure the flow direction inside the chamber
stays the same after the motor reverses its direction. The motor and
the camera were controlled with a custom-written MATLAB program
(MATLAB 2019b, The MathWorks Inc, Natick, MA), which was used to
set the motor velocity according to the channel geometry and the
desired force of 50 pN exerted on the particles during the experi-
ments. Thus, even though the geometry of different channels differed
slightly, we were able to exert reproducible forces on particles in dif-
ferent channels.

All microfluidic experiments were performed in imaging medium
(Minimum Essential Medium), (Thermo Fisher Scientific Inc.) supple-
mented with 5% HEPES (Thermo Fisher Scientific Inc.) as a pH buffer
and 1% penicillin-streptomycin. The medium was pre-warmed to 37 °C
overnight to free it from dissolved gas and avoid bubble formation
during the experiments. The microparticles were added to the
microfluidic system and were briefly dispersed in the microfluidic
system right before the first experiment started. Furthermore, we
repeated the experiments 40 min and 80 min after the particles were
added to the microfluidic system. Each time series for each particle
type was replicated three times, yielding 9 experiments per particle
type. For each experiment, on average 550 particles were analyzed.

Derivation of the hydrodynamic drag force on the
microparticles

Poiseuille flow in a rectangular channel. The laminar flow in a rec-
tangular channel with length £, width w and height & (Supplementary
Fig. 10) has the velocity profile”™**

mri). (1)

h

_4HAp =1 cosh(nm¥) |
v, (y.2)= ol n,oZaaE{l Pt Rk sm(

~ cosh(nm&)

whereby —% <y< ¥ and 0=<z<h are the coordinates in the channel
cross section. p is the density of the fluid and 7 is the dynamic viscosity
of the fluid. Ap is the pressure drop along the x-direction, which is
defined by the volume flow rate Q**:

- 1
Ap:quQ[ B 192k

w
= 2
- nSHDwtanh(H nZh)] (2)

Estimation of the expected force on the particle. If a spherical par-
ticle is located in the center of the chamber (y=0), it experiences a
drag force due to the laminar fluid flow. This drag force is first esti-
mated with Stokes drag using the flow velocity at the sphere center. To
approximate this velocity, the channel is assumed to have infinite
width w > h, meaning the Poiseuille flow is approximated to be only
two-dimensional (2D):

_Bpw ((h\? %
U= o0 ((2) -(=-3)) =

The pressure gradient 4p for a given volume flow rate Q is then:

n.odd

_L2atQ

o “4)

In this model system, we place the spherical particle directly at the
bottom wall of the channel and neglect the effect of the cell on the
flow. To approximate the viscous drag force on the sphere, we evaluate
the velocity at the center of the sphere at z=r, i.e. one sphere radius
away from the bottom wall at z=0, resulting in

__bpw [ (h\? N rh-n
‘)m((i) -(r-3) )=sem ®

which is inserted in the Stokes drag force on a sphere (F = 6Tru):

(6)

x r’th—r)
F=36mnQ e

This approximation represents a lower estimate of the hydro-
dynamic force on the particle in our experiments. Firstly, the channels
used in this work had a slightly parabolic height profile 2= h()), which,
leads to an increased flow velocity in the center of the channel com-
pared to a rectangular channel geometry. Secondly, the presence of
the channel wall modifies the force estimate from Eq. (6) which strictly
holds in an infinite medium only. As the force on the particle is directly
proportional to the flow velocity in the vicinity of the particle, we
account for both effects by two correction factors C; and C,, which will
be derived in the following sections.

2h
F=36c,Cc,mpQ— " 2D
wh

Equation (7) was used to calculate the required motor velocity v,
to achieve a force of 50 pN using the relation

(7)

Q

U= 3
piston

r ®)
Influence of the parabolic height profile: Derivation of C;. At a given
pressure drop 4p, the flow rate Q in a long, rectangular channel is given
by Bruus™:

_RHwap = 192k w
Qhw,l)= 21l Ifnzm;dmtanh[nnﬁ)} (9)

The channels that we used were not perfectly rectangular but had
a slightly curved shape at the top along the y axis, which could be
approximated with a parabola. In this case, the channel height is given
by:

h(y)=hy +ay+By*. (10)

Typically, the channels were 150 to 200 pm high in the middle and
about 10 to 20 pm thinner near the side walls. To attribute for this, we
calculated the corrected pressure drop in the channel in the following
manner. When the boundary effects of the side walls of the channel are
negligible, i.e. h-iv+0 Eq. (9) can be simplified to:

_ Rwbp

= : 11
Q 127t )

The total flow rate through a channel with a parabolic height
profile can be approximated as the sum of flow rates through infini-
tesimally thin rectangular channels with varying height, considering
only the boundary effects at the bottom and at the top of the infini-
tesimally thin channels with width dy:

= dy. (12)
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Comparing Egs. (11, 12), we can identify the effective channel
height of the curved channel as:

o 13
. Y
hey = (w / hiy)* dy)

¥= ! w2
3. 1, 1 3 3 1 13
= {ho + ghopw’ + 3 hoa’w? + ﬁ.*z:,{j’zw“ + gt + m,B‘w‘"] .

(13)

Taking the full channel profile into account, we model the pres-
sure drop in the curved channel at a given flow rate by:

127LQ > 192k w
Appa(he) = {I— > e"tanh(nnzheﬁ)} i

s (14)
hgﬂ’ w n.odd W

and consequently, the velocity profile in a parabolic channel is
approximated in analogy to Eq. (1):

4RO Bppur () = 1 | Oh(nmgy) | o 2
bty 1 Mpulr) S5 1 1_(7:') sin(nzZ),
n, odd cosh (ﬂ n W)

(15)

This approximation corrects for the pressure change due to the
parabolic height profile and ensures that the velocity at the boundary
of the channel is 0. Thus, the velocity correction factor C; can be
approximated by:

ﬁppﬂr(heﬂ')

16
Aplhg) e

Uy par(¥,2)= U, (¥.2).
Since Ap,, was always larger than Ap in our experiments, at the
given flow rate Q in the experiment, the velocity in the center v,(0,z)
was always larger than it would have been if the channel had been
rectangular with a height . Since the force on the particle is pro-
portional to the velocity in the channel, C; can be identified to be:

A
C] -~ ppar(heﬁ‘} ) (17)
Ap(hg)
Assuming that i ¢ < w, C, simplifies to:
3
G~ hf : (18)
lf"'elf

The chambers used during the experiments had a typical height in
the range between 150 and 175 pm. Typically, fip was on the order of
165 um, h.; was about 155um and consequently, C; was about 1.2,
indicating that the force increased by about 20%. Thus, the height
profile was measured for every channel before the experiment by
focusing on the top and on the bottom layer of the channels with a 40x
water immersion objective and by noting the z positions of the
(motorized) objective. We validated the resulting velocity profile
experimentally and tested whether the velocity inside the channel
scales linearly with the flow rate (Supplementary Note 2, Supplemen-
tary Figs. 11, 12).

Influence of the particle on the flow profile: Derivation of C, via
lattice Boltzmann method simulations, The correction factor C; for
the force on the particle (see Eq. (7)) was determined by lattice
Boltzmann method (LBM) simulations with the software FluidX3D”".
To reduce floating-point errors and improve the overall accuracy, units
were converted from Sl-units to simulation units and back. To distin-
guish these two-unit systems, we introduced the superscripts “SI”
and “sim”.

A spherical microplastic particle with radius r¥=15pum was
adhered to the bottom center of a rectangular microchannel with the
dimensions (19.0,1.0,0.1) mm. The flow rate was 0.lulLs '< QSI <
50.0 uLs~'. For the fluid, we assumed the density and viscosity of
water at T>'=37°C. In Sl-units the given parameters were: Particle
radius r9=15x10"°m; channel dimensions [%=19.0x10>m,
w9 =1.0x10"*m, £* = 0.1x10> m; volume flow rate Q' =[0.1,50.0] x
10~ m*s 1; fluid density p% =993.36 kg m 3; fluid dynamic viscosity
#9=0.6922x10"2kgm's'; fluid kinematic shear viscosity
A= ﬁ—i =6.968 x10~" m? s L, The force on the particle was then com-
puted as the sum of the forces on all lattice points making up the
particle” and the simulation was run until the force value converges.

The simulations were conducted with the FluidX3D software™
on an AMD Radeon VII graphics processing units (GPUs) with 16 GB
memaory. With these memory limitations in mind, we simulated only
the neighborhood of the particle and at the edge of the simulation
domain. We set the velocity via moving bounce-back boundaries™. The
simulation box dimensions were

09

Ly, =Wy =kr

o= (521

with & = 16 being chosen as large as GPU memory allows. At z= 0 there
was a non-moving boundary representing the bottom channel wall.
The other simulation box boundaries did not coincide with the channel
boundaries. The particle was placed at

(19)

(20)

(21)

T
Xp= (’%,w—g‘”‘rﬂ)

Setting the velocity at the simulation box boundaries (other than
at z=0 to v,(),2) (Eq. (15))) would enforce straight streamlines at the
boundaries, thereby artificially constricting the flow and increasing the
force on the particle (case A). However, we also could not set the
boundary velocity to the analytic velocity for a laminar flow around a
sphere with the z-dependent Poiseuille flow velocity v.(y = 0,z), as this
would not constrict the flow even infinitely far away from the particle,
so the force would be too small (case B).

In the rectangular channel, the channel walls enforce straight
streamlines. To minimize the difference of the force between the cases A
and B, which confine the possible force corridor, the boundaries must be
as far away as possible, but the particle still must be resolved sufficiently,
so we chose r™ =16 as a compromise for all simulations. The true force
is somewhere in between the forces given by case A and case B and an
interpolation of the velocities of both variants will give the best results
(case C). We determined the interpolation factor as the volume fraction
of the simulated volume to the total volume of the microchannel. The
interpolation factors used in case C for the velocity boundaries at
rim =16 were ;7(vy) =11.39% and n(vg) =1 — n(v,) =88.61%.

We ran simulations for a volume flow rate of Q% ¢ {0.1,1.0,2.0,
3.0,4.0,5.0,7.0,10.0,15.0,20.0,...,50.0} uLs ! for the boundary defi-
nitions (A), (B) and (C). During each set of simulations, we kept the
velocity ¢*™ in simulation units constant while varying the kinematic
shear viscosity +*™ in simulation units to prevent too small ¢ and
large variations in +*™ that would decrease the simulation accuracy.
By setting ™ =1 for the midway flow rate Q¥ =25pLs!, we deter-
mined the corresponding velocity

7 ,SIm rSI

sl
v (ym -0,75= %,ws',hﬂ,os')

VJ‘.rim = 3l psim {22)

in simulation units at the channel center for all simulations in one row.
: : 3 : by
This velocity was numerically evaluated to be v§™(y=0,z="11)=
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0.053846 and the fluid velocity in simulation units at the center of the
particle was numerically evaluated to be oi™(y=0,z=r"")=
0.003182 for all Q%. When duri ng the simulation row Q was varied, the
kinematic shear viscosity in simulation units varied between " ¢
[0.5,250.0] for @% [0.1,50.0]uL s, while Q™ remained constant.
Our Radeon VI1 GPUs allowed for k = 36 at r™ =16 or a box size of (576,
576, 304),

The force increases linearly with the flow rate in agreement with
the prediction of Eq. (7) (Supplementary Fig. 13). We fitted F(Q) with
Eq. (7) with C, = 1, to get the correction factor Cy:

C,=1.618+0.002 (23)

Analysis of the microfluidics experiments
To quantify the transition kinetics between the bound and unbound
state during the sedimentation phase, the particles were detected in
every frame with a custom-written MATLAB algorithm. The detection
algorithm was based on cross correlation, comparing the frames in the
video with a reference image of a particle. Local maxima in the cor-
relation image were detected with a custom-written peak finding
routine. To achieve subpixel resolution, a 2-dimensional Gaussian
function was fitted to every peak. Then, the particles were tracked with
uTrack 2.3 The derivative of the position vector was calculated to
determine the instantaneous velocity of the particles, which was sub-
sequently filtered with a symmetric median filter of £15s (which
amounts to 31 subsequent frames) to reduce positioning noise. Parti-
cles were defined to be bound when the median filtered velocity was
below 0.25um s and unbound when it exceeded this threshold. This
threshold is well suited to separate both regimes as it minimizes the
number of motion state changes both for highly adhesive and non-
adhesive particles (see Supplementary Fig. 14). For further analysis, the
trajectories were filtered with the following conditions to exclude

tracking errors:
*  Only particle trajectories which started during the sedimenta-
tion phase were used to exclude particles which happened to
bind before the sedimentation phase.

*  Only trajectories of particles which were unbound in the first
frame were used. This excluded tracking errors in cases where a
particle is lost and retracked, but already bound, which would
lead to an underestimation of the fraction of irreversible binding
events.

* Furthermore, only trajectories which did not end earlier than 5s
before the start of the rupture phase were used for evaluation. As
by experiment design, particles never vanish during the sedi-
mentation phase, this excludes further tracking errors when a
particle was lost by the tracker during the sedimentation phase.

+ To remove particle clusters, particles which were closer than
4.5um to another particle for more than 30s were excluded
from the data analysis.

Examples of trajectories and the classification of their respective
binding state are given in Supplementary Fig. 15.

To determine whether a particle is close to a cell or close to a
coverslip, we used the convolutional neural net GoogleNet'” pre-
trained with the ImageNet database'”. We adapted the network to our
needs using transfer learning'” by replacing the ‘loss3-classifier-layer
with a custom fully-connected-layer with an output size of 2, repre-
senting whether or not the particle is close to a cell. As input images,
we cropped subimages of 52 x 52 ym’ around every particle, showing
the particle in the center along with its nearest environment, The
subimages were scaled to match the input size of GoogleNet. In total,
1560 manually classified subimages of particles close to cells and 1560
manually classified subimages of particles close to the coverslip were

used for training (Supplementary Fig. 16) and about 400 images of
each of the two categories were used as validation data. Both data sets
were augmented by random reflection, rotation, scale, slight shear of
up to 15°, and slight translation of up to 1.5 um to regularize the training
process'™”, Adaptive moment estimation” was used to train the net-
work. Particles manually classified to be close to a cell were classified
identically in 96.6% of the cases by the network. Particles manually
classified to be close to the coverslip were classified identically in
96.3% of the cases by the network. Most of the discrepancies were edge
cases, which were also difficult to discriminate by eye.

To quantify the binding kinetics of the particles, the scheme illu-
strated in Fig. 2 a was used. Whenever a particle switches from the
unbound to the bound state, a binding event was registered. In the
opposite case, an unbinding event was registered. We define the on
rate k,, .- With which particles bind to the cells as the total number of
binding events near a cell Nyjgine ey divided by the total time the
particles are unbound T ;,0,nq.cen While near a cell:

P _ MNoindingcelt
on,cell © T T

(24)

unbound,cell

Analogously, the off rate kg is defined by the number of
unbinding events N, inding cenl divided by the total time Tyoynq e, the
particles are bound to a cell:

Nz

unbinding,cell

Kottean = ———— B (25)
bound,cell

The on rate ko, coversiip ANd the off rate Ky coversiips - Which describe

the binding kinetics between the particles and the coverslips are
defined analogously. We observed that some particles never unbound.
To quantify this behavior, binding events which started at least 200 s
before and lasted until the end of the sedimentation phase were
classified to be irreversible.

Measuring the binding kinetics of microplastic particles

In each experiment, we used a low flow speed of 9uLs™ to flush
microplastic particles into microfluidic flow chambers and allowed the
particles to sediment for 10 min without a flow. During this phase, we
observed the binding and unbinding events between the particles and
the cells as well as between the particles and the coverslips. Depending
on the particle type, we observed different transition kinetics between
the bound and the unbound state. We characterized the particles’
binding kinetics by their respective binding and unbinding rates dur-
ing the first 10 min after flushing (see Fig. 2¢, d). ko and kqp to and
from cells and coverslips were determined and the results of the tra-
jectories of all 9 independent experiments were averaged. Each
experiment typically contained a few hundred independent
trajectories.

To investigate whether components of the image medium
adhered to the particles and thereby changed the adhesion between
particles and cells or whether sticky particles got stuck in the tubing of
the microfluidic device, we performed the same experiments 0, 40,
and 80 min after the addition of the particles. We did not detect a time
dependency of the results in most cases. Only in rare cases, a tendency
to slightly weaker adhesion with time was found, which was reflected
by a slightly increasing k., and a slightly decreasing k. with time
(Supplementary Fig. 17). For this reason, we decided to pool the data of
the experiments that were done 0, 40, and 80 min after the addition of
the particles.

Measuring the Adhesion strength of microplastic particles

To evaluate the adhesion strength between particles and cells as well as
between particles and coverslips, we applied a constant hydrodynamic
drag force of 50 pN to the particles after the sedimentation phase. To
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remove any moving particles before the analysis of these experiments,
a rolling median filter in time with a window size of 3 s was applied to
the image sequence. The remaining static particles were then detected
and classified as described above. We defined the fraction of particles
that is still attached after 30 s of applied hydrodynamic force as the
fraction of remaining particles.

Similar to the binding and unbinding rates, we found no sig-
nificant differences in the relative attachment of particles to cells and
to coverslips 0, 40, and 80 min after the addition of the particles,
indicating that the incubation time is negligible in almost all cases
(Supplementary Fig. 18). Therefore, we decided to pool for each par-
ticle type the data of the relative attachment of the three time points.
After each measurement, the channels were disconnected from the
microfluidic system and cleaned with trypsin, deionized water and 70%
ethanol for 10 min each, removing cells and particles left in the chan-
nel. After each time series, the medium in the tubing of the microfluidic
system was discarded, and the tubing was cleaned with deionized
water and 70% ethanol to remove remaining particles in the system.
The channels were reused three times with the same type of micro-
plastic particles.

Internalization experiment
The experiments were carried out as described in Ramsperger et al.".
In brief, prior to the experiments, the cells were scraped off the culture
flask bottoms into the culture media, centrifuged (200x g, 2 min,
20 °C) and re-suspended with 5 mL of cell culture medium in a Falcon
tube (CORNING, Corning, New York, USA). Then, the cells were
counted using a haemocytometer (Neubauer improved, Brand, Wer-
theim, Germany), seeded on microscope coverslips (diameter: 18 mm,
#1, MENZEL GLAESER, Braunschweig, Germany) in 12-well plates
(CellStar, GREINER BIO-ONE, Frickenhausen, Germany) in 1 mL of cell
culture medium and allowed to adhere to the coverslips under stan-
dard culture conditions (37 °C, 5% CO,, humidified) overnight. On each
coverslip, 50,000 cells per mL were seeded to obtain a mean number
of about 40,000 cells per coverslip (not all cells adhered to and
remained on the coverslips during the preparation of the samples).
The following procedure was implemented to obtain samples for
the quantification of microplastic particles interacting with cells (par-
ticle-cell-interaction), the measurement of the area covered by cells on
the coverslips and for investigating the number of internalized
microplastic particles from the particle-cell interactions. The 12-well
plates containing the prepared cells were placed on ice for 1h to
reduce cellular activity. Due to different particle concentrations of the
particle stock solutions, we diluted the stock solutions with PBS to
obtain 150,000 beads per coverslip for each particle type. Three cov-
erslips for each particle type were prepared, yielding a total of 33
coverslips. The particles were added to each coverslip and the
experiment proceeded”. First, we quantified the number of particle-
cell interactions and the area covered with cells on each coverslip
within five regions of interest (ROIs) (0.29 mm?) using a DMI 6000
microscope (LEICA, Wetzlar, Germany, HCX PL APO 63x oil immersion
objective, NA =1.30) including a spinning disc unit (CSU-X1, YOKO-
GAWA, Musashino, Japan) with an EMCCD camera (Evolve 512, PHO-
TOMETRICS, Tucson, Arizona, including an additional 1.2x
magnification lens). A differential interference contrast (DIC) micro-
scopy image was acquired to quantify the particle-cell interactions
within the ROIs using the Fiji Image] (version 1.53¢) cell counter soft-
ware. Additionally, spinning disk confocal stacks of fluorescently
labelled cells were acquired using a 488 nm laser (50 mW, Sapphire
488, COHERENT, Santa Clara, California) at a spinning disc speed of
5000rpm to excite fluorescence. Axial stacks of the cells were
acquired with a vertical distance of 0.2um, which is sufficient to
oversample the image given the axial resolution of the microscope'”.
To calculate the area covered by cells, both the DIC and fluores-
cence images were used”, First, a local contrast filter was applied to the

DIC images to approximate the cell mask Mg, at any given position
(ify:

Lif Alpe > Ty

26
0,if Alpyc < T &0

MDIC(i’j’:{

The local intensity difference Al was evaluated within a circular
region with a radius of 3 pixels. The threshold T, was chosen
manually to optimize the cell detection. Next, the fluorescence images
were evaluated to obtain the cell mask M. The maximum projection of
each stack was calculated, and a manually chosen threshold T was
applied:

1,if f(i, )= Ty

27
0,if (i) < Ty 20

Mr(i,j]={

To obtain the final cell masks, both individual masks were multi-
plied:

MUi,J)=Mpyc (LM, f) (28)

Finally, small holes up to a size of 40 um? were filled, and the
masks were smoothed using a Gaussian filter with a radius of 3 pixels.
Objects smaller than 80 um? were excluded to reduce background
noise. Finally, the area covered by cells within a ROl was extrapolated
to the whole coverslip (245.5 um?).

To quantify the number of particle-cell interactions, slight varia-
tions of the area covered by the cells and the number of microplastic
particles was considered by standardizing each coverslip". First, the
measured number of particle-cell interactions were extrapolated to a
whole coverslip, PCl¢s. Then, the number of cells on a standard cov-
erslip Neepis sandaracs Was calculated by dividing the mean over all
treatments of the area covered by cells on a coverslip by the area of an
average single cell. The number of microplastic particles on a standard
coverslip Nparicles sndaracs Was the mean over all treatments of the
number of particles added to the coverslips. Then, the number of
particle-cell interactions on a coverslip was calculated:

) (N pa ;\‘t’icles,standardcs) (29)
particles,CS

With the measured number of particle-cell interactions on a single
coverslip PClgs, the measured cell area on the coverslip Aqg, the
average area of a single cell on the coverslip Agygecencs. and the
number of particles added to the coverslip Np,qicies cs-

After quantification of the particle-cell interactions, we measured
the conditional internalization probability. From the same samples
used to quantify particle-cell interactions and areas covered with cells
on coverslips, we visually screened each sample for single particle-cell
interactions to distinguish between particles that were only attached
to cells and particles that were internalized by cells. The above men-
tioned DMI 6000 microscope with a higher magnification (100x oil
immersion objective, NA=140) was used here. Beginning from a
randomly defined starting point, the coverslips were screened in the
DIC-channel until 100 particle-cell interactions were detected. Once a
particle-cell-interaction was found, a DIC-image was taken, and axial
confocal stacks of fluorescently labelled cells were acquired (vertical
distance of the axial stacks: 0.2 um). To evaluate internalization of the
microplastic particles, each confocal stack of cells with fluorescently
labelled actin filaments was analyzed with Fiji ImageJ (version: 1.53c)
orthogonal views. The microplastic particles used in the experiments
were non-fluorescent and therefore not directly visible in the confocal
stacks. The DIC images were used to mark the particle positions (using
the ROI manager in Fiji Image]). These positions were then transferred

Acs
Ajingecees

N
PCIamnd :‘PCIES ( cells standardCS
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to the confocal stacks, in which internalized particles were visible as
spherical black regions within the actin network. Only microplastic
particles that were fully surrounded by actin filaments were con-
sidered to be internalized. Microplastic particles that were only partly
surrounded were considered to be attached to the cells. Finally, the
internalization probability was calculated as the ratio of internalized
particles to the number of particle-cell interactions. For the calculation
of the internalization probability for particles coated with an eco-
corona, namely salt and freshwater particles incubated for two and
four weeks the data published by Ramsperger et al.” were used.

Internalization mechanisms

To testour hypothesis that the microplastic particles were internalized
via an actin-dependent mechanism such as phagocytosis or macro-
pinocytosis, we performed experiments with live cells, monitoring the
actin dynamics during particle internalization and the subsequent
acidification of the particles. Two days before an experiment, 5 x10*
J774A.1 cells stably transfected with a LifeAct-GFP construct were
seeded on 18 mm glass coverslips (MENZEL GLAESER, Braunschweig,
Germany) in a 12-well plate (CellStar, GREINER BIO-ONE, Frick-
enhausen, Germany) containing 1 mL of cell culture medium. 30 min
before an experiment, the medium was exchanged with cell culture
medium containing 0.1pL mL™ (final concentration of 100 nM) of
LysoTracker Red DND99 (Thermo Fisher Scientific Inc, Waltham, MA).
Right before the experiment, the coverslips were mounted on a cus-
tom aluminum sample holder. The cells were covered with 84 pl of
imaging medium containing 3 pL mL™ of the corresponding bead stock
solution, and the sample was covered with another 18 mm coverslip.
The sample was immediately mounted on the fluorescence micro-
scope and live cell imaging started.

Imaging was performed with a frame rate of 0.32Hz on an
inverted, motorized microscope (Nikon Eclipse Ti-E, Nikon, Tokyo,
Japan) with a 40x water immersion objective (CF1 Apo LWD 40x WI AS,
Nikon, NA =1.15), which was equipped with a EMCCD camera (Andor
Luca R, Oxford Instruments, Belfast, United Kingdom). The micro-
scope body was enclosed in a custom-built incubation chamber which
keeps the body of the microscope and the sample at a temperature of
37°C. The imaging modes were either brightfield illumination or
widefield epi-fluorescence microscopy (Nikon Intensilight). For each
frame, we imaged 3 channels: Brightfield (exposure time 100 ms), GFP-
L (LifeAct channel, exc. 460-500 nm, em. >510 nm; exposure time
700 ms), and Texas Red (LysoTracker channel, exc. 540-580 nm, em.
600-660 nm; exposure time 500 ms). Imaging was continued for
45 min, leading to a total of 864 acquired images.

For the evaluation of individual internalization and maturation
events, particles were tracked in the brightfield channel using a custom
tracking algorithm based on radial symmetry'”. Only particles that
stayed in the focal plane of the objective were considered for evalua-
tion. LifeAct and LysoTracker intensities were evaluated using
MATLAB. Based on the particle trajectories from the brightfield
channel, the images in the LifeAct and LysoTracker channels were
cropped to a ROI of 60x60 pixels around the particle. The radius of
each individual microplastic particle was determined, to account for
the dispersity in size of some particle types. The particle radius r in
pixels (px) was chosen in a way that maximized the signal-to-
background ratio of both fluorescence channels. Then, the average
LifeAct and LysoTracker intensities were evaluated for each frame ina
ring-shaped ROl in the interval [ - 3 px, r+ 2 px], around the particle
surface. This intensity was normalized to the average intensity of a
ring-shaped ROI further apart from the particles surface, in the interval
[r+9 px, r+12 px]. This normalization of the LifeAct and LysoTracker
intensities corrected for artifacts like photobleaching, Furthermore, it
enabled the evaluation of very localized actin dynamics and acidifica-
tion around the microplastic particles’ surface since global changes of
fluorescence intensity did not contribute.

Statistical analysis

Statistical analysis was conducted using R studio software (version
4.0.2, 2020-06-22) with the packages: “car”, “carData”, “rstatix”,
“multcompView”. To test for significant differences between the par-
ticle types, and whether there was a significant time dependence, the
data for the relative attachment were tested for normal distribution
(Shapiro-Wilk test) and homogeneity of variances (Levene test). If the
Shapiro-Wilk test or the Levene test were significant, a two-sided
Kruskal-Wallis test with a Games Howell post hoc test was conducted
to check for differences between microplastic particle types. Other-
wise, a one-way ANOVA with a Tukey post hoc test was performed.
Correlation coefficients (Pearson’s R) were calculated using MATLAB.
A detailed summary of all statistical tests is provided in Supplemen-
tary Data 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available via
Zenodo™ and from the corresponding authors upon request. Source
data are provided with this paper.

Code availability
All code used in the analysis is available via Zenodo™ and from the
corresponding authors upon request.
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Supplementary Notes

Supplementary Note 1: Particle SEM micrographs

The size and shape of the microplastic particles were investigated by using scanning electron
microscopy (SEM). Most microplastic particle types deviated by less than 3% from the nominal
diameter specified by the manufacturers. However, TJ, and PX deviated by 12% and 4% (Table 1).
Furthermore, we found that the surface morphologies of the pristine microplastic particles show
clear differences between the particle types (Figure 1, Supplementary Table 1). ST and T particles
had the most irregular surfaces compared to all other particles. We observed indentations on the
surfaces of the TJ particles and elevations on the PX and TJ particles. The other particles displayed
in Figure 1 (MM-C, MM, MG, KI and TS) were highly spherical with smooth surfaces, although
MG seemed to be covered by a net-like structure. The environmentally exposed particles (MM-
SW2 and MM-SW4, MM-FW2, and MM-FW4) were coated heterogeneously by biomolecules and
organic debris (eco-corona) as shown previously! and further analyzed by STXM and XPS
measurements (Supplementary Figure 4, Supplementary Tables 2 and 3). The average diameter of
MM-SW2, MM-SW4, and MM-FW4 increased slightly by a few nanometers, indicating a thin
layer of biomolecules'. Furthermore, the standard deviation of the mean diameter of all
environmentally exposed microplastic particles substantially increased, indicating that they
became less monodisperse. Accordingly, also their eccentricity and surface roughness increased.

Supplementary Note 2: Validation of the flow profile

To validate that the derived velocity profile vy (¥, 2) given by equation (15) matches the flow
field, which is established in the channels, we measured the velocity profile inside the channel with
a high-speed camera and particle tracking. A small number of carboxylated polystyrene MPs with
a diameter of 1 um (micromer, micromod Partikeltechnologie GmbH, Rostock, Germany) was
dispersed in MilliQ water at a concentration of approximately 2 x 10° uL"'. The solution was
pumped through the channel at flow rates between 0.2 pL s™ and 2 pL s, which was controlled
by setting the motor velocity according to equation (8). The resulting flow field vx)par(y, z)
(equation (15)) was measured on an inverted, motorized microscope (Nikon Eclipse Ti, Nikon,
Tokyo, Japan) with a 40x water immersion objective with a high numerical aperture to minimize
the focal depth (CFI Apo LWD 40x WI AS, Nikon, NA = 1.15). Brightfield images of the flow at
various y and z positions were captured with a high-speed camera (IDT Nx4-S2, Integrated Design
Tools, Pasadena, California) at frame rates of up to 2000 Hz.

To detect the particles automatically, the images were filtered with a spatial band pass filter in
order to reduce noise and to remove any signals on length scales larger than the particles. Secondly,
the images were filtered with a moving median filter in time to single out all stationary objects, e.g.
sensor dust. These filtered images were then subtracted from the images. The moving particles
were then detected with a custom-written peak-finding routine and tracked with a particle tracking
algorithm®. The code was implemented in MATLAB 2019b. For every position inside the channel,
the velocity of typically 50-100 particles was averaged. Slight deviations from the mean value
could be attributed to particles located in slightly lower or higher z positions than the main focal
plane, which were still sharp enough to be tracked. The measured flow profile v, (y, z) was in
agreement with the theoretical prediction (Supplementary Figure 11).

As we used different flow rates during the rupture experiments, we also tested whether the velocity

inside the channel scales linearly with the flow rate as expected from equations (14) and (15). The
2
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high-speed camera was fast enough to capture particles with velocities of up to 3.5 mms™ at a flow
rate of 2 puL ' with sufficiently short frame time intervals for the particle tracking algorithm. Up
to 2 uL s!, we found perfectly linear scaling, demonstrating that the pressure even at relatively low
flow rates is high enough to properly close the check valves in the tubing system (see
Supplementary Figure 12). During the calibration experiments and during the cell experiments, we
observed straight particle trajectories far away from the cells, indicating laminar flow in the
channels.

Since the measured velocity profile v (y,z), both in shape and magnitude, was in excellent

agreement with the theoretical prediction (see Supplementary Figures 11 and 12), we concluded
that equation (17) can be used to correct for the parabolic height profile.
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Supplementary Figure 1: {-potential before and after incubation in cell culture media.
The {-potential of microplastic particles after an incubation of 2 h in cell culture media {medium Was
strongly correlated to their initial {-potential (initial (Pearsons’s R = 0.8, P = 0.004). Detailed values

of the {-potential are given in Supplementary Table 1. Source data are provided as a Source Data
file.
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Supplementary Figure 2: Colloidal stability of microplastic particles.

All particle types showed a high colloidal stability during cell experiments, no significant
aggregation of beads occurred. Here, example images of particles and cells during the microfluidic
experiments are shown. These images were acquired after the sedimentation phase, before the flow
was turned on to flush the particles off the cells. Scale bar: 25 pm.
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Supplementary Figure 3: Organisms in environmental media.

Various microorganisms were present in the environmental media. (a) and (b) show examples of
freshwater organisms in brightfield and fluorescence microscopy (Texas Red channel, exc. 542-
582 nm, em. 604-644 nm; color scales represent fluorescence in arbitrary units). (¢) and (d) show
examples of saltwater organisms in brightfield and fluorescence microscopy. (e) and (f) show
scanning clectron micrographs of freshwater organisms. (a) possibly shows a diatom. (b) and (f)
possibly show green algae of the genus Lagerheimia. (¢), (d), and (e) possibly show examples of
cyanobacteria. The autofluorescence of the microorganisms in the Texas Red channel might be

caused by chlorophyll.
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Supplementary Figure 4: STXM analysis of the eco-corona.

Cls NEXAFS spectra extracted from Scanning Transmission X-ray Microscopy (STXM) datasets
from regions directly at the surface of PS beads that were previously incubated in seawater,
freshwater and deionized water respectively. The surface regions, highlighted in red, were selected
in the STXM images based on the average optical density (OD) range of 0.1-0.9 across the Cls
absorption edge, which is equivalent to a cumulative thickness of up to 100 nm, arranged
tangentially around the PS beads. These regions are marked in red in the respective STXM images.
The equivalent thickness was calculated using the atomic scattering factors?, the formula CgHg and
an assumed density of 1.09 g cm™ of the polystyrene. All 3 spectra were decomposed into a sum
of individual gaussian peaks plus the ionization edge modelled as an arctan function. A minimum
of 7 analytical peaks was required and used for fitting the respective spectra: 284.0 eV (quinone
C=0), 285.0 and 285.4 eV (aromatic C=C), 287.4 eV (aliphatic C-C), 288.2 eV (protein C-0O),
288.9 eV (carboxylic C-0), 289.5 (polysaccharide C-0O). Peak energies and widths were optimized
and fixed at the same values for all 3 spectra, whereas the respective peak areas were fitted
(Supplementary Table 2) using the peak fitting algorithm of Athena®. For illustrating the peak
energies that are subtle only in the spectra of the thin regions of the eco-corona around the PS bead,
3 reference materials are presented as well, for protein (albumin), acidic polysaccharides (alginate)
and neutral polysaccharides (xanthan)®. The dashed grey lines indicate the respective peak energies
of the gaussians used for fitting. The data lines of the spectra were offset for clarity.
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Supplementary Figure 5: Binding Kinetics of microplastic particles to coverslips.

Binding kinetics to coverslips significantly differed between samples (kon: Kruskal-Wallis test,
two-sided P = 8.69 x 10'%; kum: Kruskal-Wallis test, two-sided P = 5.77 x 107'% Irreversible
binding: Kruskal-Wallis test, two-sided P =2.83 x 10"°). We measured rates of a similar magnitude
as for the binding of microplastic particles to cells. This means that particles which strongly bound
to cells also bound strongly to coverslips. However, particle-coverslip adhesion was in general
slightly weaker than particle-cell adhesion (compare Figure 2). This was reflected by a generally
lower kon (a) to coverslips, a higher kot (b) from coverslips, and a generally lower fraction of
irreversible binding events (¢). Like for the binding to cells, the binding kinetics were strongly
correlated to the particles’ {-potential. With increasing negative {-potential ko, increased (Pearson’s
R =10.9, two-sided P = 9.4 x 10°°), korr decreased (Pearson’s R = -0.8, two-sided P = 0.003), and
the fraction of irreversible binding events increased (Pearson’s R = 0.8, two-sided P = 0.003). In
all panels, error bars represent standard error of mean of » = 9 measurements (for each

measurement, on average 550 particles were analyzed). Source data are provided as a Source Data
file.
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Supplementary Figure 6: Adhesion strength of microplastic particles to coverslips.

Adhesion of particles to coverslips significantly differed between samples (Kruskal-Wallis test:
two-sided P = 1.24 x 10°'%). Particles that strongly adhered to cells also strongly adhered to
coverslips and vice versa. Generally, the fraction of microplastic particles remaining on coverslips
after flushing with a hydrodynamic force of 50 pN for 30 s was slightly lower compared to the
fraction of particles remaining on cells (compare Figure 3). The fraction of particles remaining on
coverslips was correlated to the particles” (-potential. With increasing negative (-potential, the
fraction of remaining particles strongly increased (Pearson’s R = 0.9, two-sided P = 9.4 x 10°).
Error bars represent standard error of mean of n = 9 measurements (for each measurement, on
average 550 particles were analyzed). Source data are provided as a Source Data file.
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Supplementary Figure 7: Internalization and maturation of microplastic particles.

To test, if the microplastic particles were internalized by phagocytosis or macropinocytosis, we
monitored the actin cytoskeleton during particle internalization by cells that were stably transfected
with a LifeAct-GFP construct. Since this construct binds to filamentous actin, it 1s enriched at sites
of actin polymerization. Furthermore, we treated the cells with LysoTracker dye, which is enriched
in acidic organelles like lysosomes. In this example, the internalization and subsequent maturation
of a TS particle is shown. Color scales in the fluorescence images represent fluorescence in
arbitrary units. First, the particle interacted with the surface of a cell (1= -134 s). Then we observed
a significant peak in the LifeAct intensity around the particle, indicating polymerization of actin
filaments (¢ =-29 s). After the LifeAct signal decayed (¢ = 0 s), the LysoTracker intensity increased
gradually (7 = 100 s) until it reached a plateau at the end of the measurement (¢ = 450 s), showing
interactions with lysosomes and the acidification of the internalized particle. Source data are
provided as a Source Data file.
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Supplementary Figure 8: Internalization and maturation of all particle types.

All particle types underwent a similar form of internalization and maturation: After the particles
interacted with the cells, there was a substantial increase in the LifeAct signal at the site of the
particles, indicating that filamentous actin was polymerized. This shows that particles were
internalized by an actin-dependent pathway, such as phagocytosis or macropinocytosis. After the
LifeAct signal around the particle decayed, indicating depolymerization of the actin filaments, the
LysoTracker signal gradually increased over time. This shows that internalized particles interacted
with lysosomes and became acidic, undergoing a maturation process that is typical for phagosomes
or macropinosomes. Source data are provided as a Source Data file.
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Supplementary Figure 9: Internalization mechanisms of microplastic particles.

All particles that were acidified over the course of a measurement showed an actin peak before the
acidification process started, indicating internalization via an actin-dependent pathway (dark bars).
This was observed for all particle types. Moreover, most of the particles which at some point during
the measurement time showed a LifeAct peak were acidified later (light bars). In cases where
particles showed no acidification after a LifeAct peak, the actin-dependent internalization process
might not have been completed or the maturation process might not yet have started before the end
of a measurement. Overall, these results indicate that the microplastic particles were always
internalized via the actin-dependent processes of phagocytosis or macropinocytosis. Number n of
evaluated uptake processes: PY: 33, MM: 35, MG: 36, KI: 31, ST: 72, TS: 36, TJ: 39, PX: 49,
MM-SW2: 35, MM-SW4: 37, MM-FW2: 35, MM-FW4: 23. Source data are provided as a Source
Data file.
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Supplementary Figure 10: Flow geometry in a rectangular channel

Visualization of the channel parameters used to derive the Poiseuille flow profile.
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Supplementary Figure 11: Velocity field v,(y, z) inside a flow channel

Velocity field vy (v, z) inside a flow channel measured by tracking tracer particles at a flow rate of
0.2 pL s™'. The data points represent mean velocities of typically 50-100 particles. Error bars
represent the standard deviation of all measured velocities. Note that the channel was
approximately 15 um higher in the center at y = 0 than near the side walls at y = +£0.4 w. The
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velocity field given by equation (15) was fitted to the measured data with the flow rate in the center
as the only free parameter. The measured velocity field matched the velocity field v par)
calculated from the motor velocity and the channel geometry within the margin of error. The
measured flow field inside the channel matched the flow field predicted from equations (8), (14),
and (15) within the margin of error, which was calculated by gaussian error propagation. Notably,
this was also the case near the side walls of the channel, where the channel was approximately 15
pwm thinner. Source data are provided as a Source Data file.
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Supplementary Figure 12: Velocity v, (0, h/2) as a function of the flow rate Q
Velocity v, (0, h/2) in the middle of the channel as a function of the flow rate Q. The solid line
and the dashed lines show the expected flow velocity at the set motor velocity v, in the middle of
the cannel calculated from equations (8), (14), and (15). The error was calculated using Gaussian
error propagation. Source data are provided as a Source Data file.
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Supplementary Figure 13: The force F(Q) as a function of the flow rate Q.
The filled dots represent the interpolated simulations (case C). The lightly colored range is the
corridor between case A and case B. We performed a linear fit (equation (7) with C; = 1),

illustrated as a continuous line.
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Supplementary Figure 14: Estimation of the threshold velocity.

Number of particle state changes between bound and unbound state as a function of the velocity
threshold for exemplary particle types (TS, MM-C and MG). Non-adhesive particles such as MG
diffuse in the sample and have velocities which were typically higher than 0.25 um s™! while the
observed velocity of sticky particles such as MM-C was determined by noise and below 0.25 pm
s'1. TS particles of which some were bound, and some were unbound showed the same two different
regimes in their velocity distribution. Both regimes could be separated by a threshold at 0.25 pm
s, Source data are provided as a Source Data file.
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Supplementary Figure 15: Examples of particle trajectories and their binding states.
Median filtered particle velocities and their respective binding states. The velocity was filtered with
a median filter with a length of 31 s to remove noise. The binding state was determined via
thresholding (Supplementary Figure 14) and is color coded in the panels (red: bound (v < Vyyresh):
black: unbound (v > vy, resn ). The state changes of the particles differed drastically. Some particles
never bound (left column), others bound and unbound shortly after the binding event (center
column) and some bound and did not detach until the end of the experiment (right column). Source
data are provided as a Source Data file.
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Supplementary Figure 16: Example images used for training the convolutional neural net.
The network was trained to classify whether the particle in the center of the image was close to the
coverslip (a-e) or close to a cell (f-j).
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Supplementary Figure 17: Time dependence of binding kinetics.

We performed measurements after # = 0 min (dark colors), 40 min (medium colors), and 80 min
(light colors) after the particles were added to the microfluidic system to investigate possible
interactions of the particles with the image medium. kon, kofr, and the fraction of irreversible
binding events did not depend on ¢ in most cases. Only the fraction of irreversible binding events
to cells decreased slightly with time for PX and MM-SW2 particles. Error bars represent standard
error of mean of # = 3 individual measurements (indicated as black dots, for each measurement,
on average 550 particles were analyzed). Source data are provided as a Source Data file.
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Supplementary Figure 18: Time dependence of adhesion strength.

We performed measurements after z = 0 min (dark colors), 40 min (medium colors), and 80 min
(light colors) after the particles were added to the microfluidic system to investigate possible
interactions of the particles with the image medium. Although some microplastic particles
showed a decrease of the average number of remaining particles over time (e.g., TS, TJ), this was
not statistically significant. This may indicate that factors other than protein corona formation
dominate the variance ot the measured adhesive strength. Error bars represent standard error of
mean of n = 3 individual measurements (indicated as black dots, for each measurement, on
average 550 particles were analyzed). Source data are provided as a Source Data file.
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Particle Nomi_nal Equivalent .
i dcns12f diameter | Eccentricity | Roughness | Gitiat (MV) | {mediom (MV)
(gem™) (pm)

PY n.a. 3.08£020 | 1.003+0.001 1.04 + 0.01 -83.8+0.3 -41.5+£0.5
MM 1.03 2.94£0.02 | 1.005=0.001 1.04 + 0.01 4.7+0.3 62+1.0
MG 1.05 2.97+0.11 1.01 +0.03 1.05 +0.02 -12.6+03 -73+02

KI n.a. 296+0.03 | 1.005=0.001 1.05 % 0.01 5305 -6.8+0.4

ST 1.05 3.47+026 | 1.005+0.002 | 1.06+0.04 93.1+1.1 -40.1+ 1.0

TS 1.05 2.84+003 | 1.005+£0.004 | 1.05+0.02 -13.7+0.2 -11.5+0.4

TJ n.a, 336+007 | 1.008+0.004 | 1.07+0.02 455+0.7 257463
PX 1.06 3.13+£0.33 1.02+0.03 | 1.037+0.004 -7.5+£0.4 -10.9£0.5

MM-SW2 - 297+0.17 1.04 +0.08 1.18 £ 0.15 -10.0+0.7 -73+04
MM-SW4 - 3.03+0.14 1.02+0.01 1.07 £ 0.04 72+13 76+13
MM-FW2 - 2.88=028 | 1.005+0.006 1.07 + 0.04 92+05 -83+0.5
MM-FW4 - 2.96 +0.04 1.01 +0.01 1.08 £+ 0.07 -16.0+2.3 -63+0.7

Supplementary Table 1: Physicochemical particle properties.

The nominal density of the particles was obtained from the respective data sheets. The equivalent
diameter, eccentricity, and roughness of the particles were quantified using SEM images.
Eccentricity values of 1 correspond to perfect spheres, larger values indicate a more aspherical
shape of the particles. Roughness values of 1 correspond to perfectly smooth spheres, larger values
indicate more irregular surfaces. Only surface irregularities on length scales larger than 10 nm were
detected. For each sample, » = 10 individual particles were analyzed. The {-potential of
microplastic particles was measured before and after incubation in cell culture medium using a
zetasizer. The values of the (~potential of microplastic particles after an incubation in cell culture
media for 2 h {medivm are correlated to their initial -potential Gnial (Supplementary Figure 2). The
{-potential measurements were replicated n = 3 times. Errors represent standard deviation. Source
data are provided as a Source Data file.
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Absorption peak MM MM-SW2 MM-FW2
Quinone C=0 0.14 0.05 0.07
1) Aromatic C=C 0.08 0.10 0.08
2) Aromatic C=C 1.17 1.14 1.13
Aliphatic C-C 0.25 0.22 0.25
Protein C-O 0.10 0.07 0.14
Carboxylic COOH 0.18 0.21 0.18
Sugar C-OH 0.07 0.07 0.10

Supplementary Table 2: STXM data.

Fitted peak areas (arbitrary units) from the synchrotron-based scanning transmission X-ray
microscopy (STXM). In the absorption spectra we observed signatures from aromatic C=C bonds
of polystyrene. The aromatic C=C bonds at two different energies represent the two different types
of C-atoms in the aromatic ring of the polymer. Their signatures did not significantly change upon
exposure to salt or freshwater. Furthermore, we observed small amounts of quinone C=0 bonds
that decreased upon exposure to salt or freshwater. The aliphatic C-C bonds were likely part of the
bulk polymer and did not change upon exposure to environmental media. Carboxylic groups
(COOH) were present on the particles’ surface, likely because of oxidation processes. The amount
of COOH weakly increased for MM particles exposed to salt water but did not change for
freshwater-exposed particles. We observed small amounts of protein-associated C-O bonds and
sugar-associated C-OH groups on the MM particles. The amount of these groups significantly
increased for MM particles exposed to freshwater, indicating the formation of an eco-corona.
However, we could not observe a similar build-up of proteins and sugars on MM particles exposed
to salt water. A potential explanation could be that parts of the eco-corona were washed off due to
the change in ionic strength in the seawater-incubated sample during the rinsing procedure that was
required to avoid salt precipitation during drying of the samples.

Due to the OD range of 0.1-0.9 that was required to obtain a decent spectral quality for peak fitting
(which was equivalent to a cumulative thickness of 100 nm tangentially around the particles), the
3 spectra represent a mixture of the polymer itself and a potential eco-corona that is dominated by
the polymer. Therefore, we additionally performed X-ray photoelectron spectroscopy, which is
more suitable for the analysis of thin surface layers because of its much higher surface sensitivity.
(Supplementary Table 3). Source data are provided as a Source Data file.
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Element ratio MM MM-SW2 MM-FW2
[N]:[C] - 0.4% 0.3%
[O]:IC] 31.4% 27.6% 30.9%
[Si]:[C] 0.1% 0.7% 0.9%
[Na]:[C] - 0.2% -

[Mg]:[C] - 1.6% -
[S):[C] - 0.2% -
[CI1]:[C] - 1.8% -

Supplementary Table 3: XPS data.

Element concentration ratios were calculated from the energy dispersive XPS spectra. Depending
on the element, the detection limit was approximately 0.1%, signals below the detection limit were
indicated with “-*. We observed that the surface of environmentally exposed microplastic particles
was significantly altered compared to the pristine particles. We observed small amounts of organic
nitrogen on MM particles that were incubated in salt and freshwater, which was not present on the
pristine MM particles. This could potentially indicate the presence of biomolecules or other natural
organic matter, like humid acids, on the microplastics” surface. Furthermore, there was a substantial
increase in the amount of silicon on the environmentally exposed particles, which might be caused
by the presence of silicic acid. Silicic acid plays a role in the metabolism of algae like diatoms, but
also of other plants and animals. However, since the substrate for the XPS measurements was made
from thermally oxidized silicon, this finding should be interpreted with caution. Additionally, we
observed a significant decrease of the amount of organically bonded oxygen on the particles surface
from the high-resolution Cls spectra. This might be related to the production of the MM particles,
where possibly non-ionic surfactants, e.g. oligoethoxides, were applied to control the particle
growth, which might have been washed out in the environmental media. Furthermore, for the MM
particles incubated in salt water, we observed the presence of salts: We could identify significant
amounts of sodium, magnesium, sulfur, and chlorine. Source data are provided as a Source Data
file.
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Supplementary Table 4: Summary of the statistical analysis.

Statistical testing of the relative attachment between particles and cells as well as between particles
and coverslips. Particles of different manufacturers attach significantly different to cells as well as
coverslips. The data was tested for a normal distribution using a Shapiro-Wilk test and for a
homogeneity of the variances with a Levene test. Differences between particles were identified
with a Kruskal-Wallis test together with a Games-Howell post-hoc test. Different letters denote
groups of particle types between which significant differences with a two-sided P < 0.05 were
detected. For example, kon to cells of PY was statistically different to MM, MG, KI, TS, PX, MM-
FW2, MM-FW4, MM-SW2, and MM-SW4, but no statistically significant differences existed
between PY and ST and TJ. A detailed summary of all statistics is presented in Supplementary

Data 1.
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ENVIRONMENTAL STUDIES

Environmental exposure enhances the internalization

of microplastic particles into cells

A.F.R. M. Ramsperger'?, V. K. B. Narayana', W. Gross?, J. Mohanraj’, M. Thelakkat?, A. Greiner,

H. Schmalz®, H. Kress?#!, C. Laforsch'*"

Microplastic particles ubiquitously found in the environment are ingested by a huge variety of organisms.
Subsequently, microplastic particles can translocate from the gastrointestinal tract into the tissues likely by cellular
internalization. The reason for cellular internalization is unknown, since this has only been shown for specifically
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surface-functionalized particles. We show that environmentally exposed microplastic particles were internalized
significantly more often than pristine microplastic particles into macrophages. We identified biomolecules forming
an eco-corona on the surface of microplastic particles, suggesting that environmental exposure promotes the
cellular internalization of microplastics. Our findings further indicate that cellular internalization is a key route
by which microplastic particles translocate into tissues, where they may cause toxicological effects that have

implications for the environment and human health.

INTRODUCTION
Microplastic particles are ubiquitous in marine and freshwater eco-
systems (1, 2). Once microplastic particles are introduced into these
environments, microorganisms and biomolecules attach to their
surfaces, forming an eco-corona that can enhance their ingestion
by organisms (3). The ingestion of microplastic particles has been
shown in a huge variety of organisms (4) ranging from zooplankton
(5, 6), to bivalves (7, 8), up to vertebrates (9). From the gastrointestinal
tract, which represents the main entry point for ingested foreign
particulate matter, microplastic particles can translocate into the
circulatory system (7) and the tissues, where their effects include
inflammatory responses (8) and necrosis (9). The translocation of
microplastic particles into tissues has been suggested to occur via
cellular internalization (7, 8). The gastrointestinal system comprises
a plethora of different cell types (10), including macrophages. This
cell type occurs in all body compartments including the digestive
system. Macrophages additionally occupy a central position within the
innate immune response to foreign particulate matter and are special-
ized on the internalization of foreign material (11). Hence, they may
play a decisive role for cellular internalization of microplastic particles.
An established approach to investigating the cellular internaliza-
tion of particles by macrophages is the use of specifically surface-
functionalized particles, like carboxylated and, therefore, negatively
charged particles (12, 13) or opsonized particles coated with anti-
bodies such as immunoglobulin G (IgG) (14) to induce receptor-
mediated phagocytosis (12, 15). Smaller-sized particles are more
likely internalized by cells than larger microparticles (16, 17). This
may be because of the fact that smaller particles, especially in the
nano size range (I18), can passively cross cellular membranes,
whereas for larger particles, mechanisms of active endocytosis play
a crucial role (19). The abovementioned functionalized and pristine
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particles, predominantly used in toxicological studies, do not re-
semble microplastic particles found in nature, since plastic in the
environment is of different shape and size and is additionally coated
with an eco-corona (3). However, in research on the effects of larger
microplastic particles, a recent comprehensive review (19) high-
lighted that “factors other than size have so far hardly been consid-
ered when studying tissue translocation.” Recently, Nasser et al. (20)
proposed in their comprehensive review that the inclusion of
biological matter, like eco-corona coatings, should become a pre-
requisite for ecotoxicity testing (20). Already seconds after expo-
sure, plastic surfaces are covered by biomolecules (21) forming an
initial corona. Over time, biomolecules with higher binding affini-
ties substitute biomolecules with lower binding affinities forming
the so called “hard corona,” and biomolecules can adhere to already
strongly attached biomolecules forming the “soft corona” (22). This
process leads to the formation of a substantial coating that mainly
consists of biomolecules, like carbohydrates, lipids, and proteins
(3, 23), which raises the intriguing possibility that this eco-corona
could promote microplastic particle internalization by host cells.
Given that specific protein coatings other than, e.g., IgG can also
increase particle internalization into cells (24, 25), we hypothesized
that microplastic particles exposed to aquatic environments adsorb
biomolecules, forming an eco-corona that enhances the particles’
attachment to and internalization into cells compared with pristine
microplastic particles.

RESULTS

To test our hypothesis, we investigated the internalization of fresh
water- and salt water-exposed spherical microplastic particles with
a diameter of 3 um, a size class reported to occur in the environment
(26) and of appropriate size of active endocytosis (27). As a cell sys-
tem, we used the established murine macrophage cell line J774A.1
with a mean single cell area of 495 + 22 um? (all numbers shown are
the means + standard error of the mean, unless otherwise stated).
We incubated the microplastic particles (nonfluorescent plain poly-
styrene without any functionalization such as opsonization or
carboxylation) in fresh water from an artificial pond or salt water
from a marine aquarium (both of which were inhabited by diverse
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animal, plant, and microbial communities; fig. $1). Microplastic
particles incubated in ultrapure water (pristine particles) under
sterile conditions with no biomolecules present were used as nega-
tive controls, and IgG-opsonized microplastic particles, known to
induce receptor-mediated phagocytosis (14), were used as positive
controls. Although some biomolecules are adsorbed by surfaces
within seconds (21), we incubated the microplastic particles for
2 and 4 weeks to allow the formation of a substantial eco-corona,
resembling conditions a microplastic particle is exposed to in
nature. For the internalization experiments, 23,000 + 1000 cells were
cultured on glass coverslips, and 29,000 + 700 microplastic particles
were added and allowed to sediment onto the cells for 1 hour on ice.
Afterward, the cells and the sedimented particles were incubated for
2 hours. After this incubation, unattached particles were washed off
using buffer, and the cells were preserved with paraformaldehyde
(PFA). Filamentous actin, as being part of the cytoskeleton and
intimately involved in the process of the internalization of particulate
matter in the used size (15), was fluorescently labeled to distinguish
between internalized and attached microplastic particles: Only
those microplastic particles that were fully surrounded by fluores-
cently labeled actin were considered to have been internalized
(Fig. 1 and fig. S2). With our experimental approach, we can show
that nonfluorescent microplastic particles exposed to the environ-
ment are fully surrounded by cellular material and are therefore

Particle-cell
interactions
A

Fluorescence

Attached to
cell
membrane

Internalized
by cell i

Fig. 1. Images of particle-cell interactions of microplastic particles exposed to
fresh water for 2 weeks. DIC: Differential interference contrast microscopy images
of particle-cell interactions. Fluorescence: Spinning disc confocal images of the
cells with fluorescently labeled filamentous actin (false color image, maximum
intensity projection showing arbitrary units). XY, YZ, and XZ projections of three-
dimensional confocal images allow the differentiation of microplastic particles
(A) attached to cell membranes or (B) internalized microplastic particles. Arrows
indicate microplastic particle position. Scale bars, 10 um.
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unambiguously internalized by the cells. To verify that these particles
were indeed the used incubated polystyrene microplastic particles
and not contaminants (e.g., dust of a similar size and shape), single
Raman spectra were acquired from 10 randomly chosen particles
from each treatment and incubation time. All particles were con-
firmed to be the used polystyrene particles (fig. S3).

Our results show that microplastic particles exposed to fresh
water or salt water for either incubation time (2 or 4 weeks) attached
to and became internalized by cells approximately 10 times more
often than pristine microplastic particles. The nonparametric
Kruskal-Wallis test was used to investigate differences between all
tested treatments: P < 0.001 for 2 (5,,) and 4 (4,) weeks of incuba-
tion. A Games-Howell post hoc test was conducted for pairwise
analysis (e.g., FW versus SW). Particle-cell interactions (PCI):
FW,,, versus UW,,, P < 0.01, FW4,, versus UWy,, P < 0.001, SW,,
versus UWa,, P < 0.05, SWy,, versus UW,, P < 0.001; internalized:
FW3,, versus UW,,, P < 0.01, FW4,, versus UWy, P < 0.01, SW,,,
versus UWa,, P < 0.01, SWy,, versus UW,, P < 0.001 (Fig. 2).
IgG-opsonized microplastic particles attached to and were internal-
ized by cells more often than microplastic particles exposed to fresh
water and salt water by a factor of approximately 10, and more often
than pristine microplastic particles by a factor of approximately
100 (PCI and internalized: IgGaygaw versus FW/SW/UWagu,
P =< 0.001). Furthermore, between 2 and 4 weeks of incubation, we
detected significant increases in the numbers of attached micro-
plastic particles exposed to salt water and internalized microplastic
particles exposed to fresh water or salt water (for pairwise compari-
sons of the incubation times within one treatment, a nonparametric
Mann-Whitney U test was performed: PCL: SW,,, versus SWa,,
P < 0.01; internalized: SW,, versus SWy, P < 0.01, FW,,, versus
FW.,, P < 0.05; Fig. 2). We did not observe a statistically significant
difference between microplastic particles incubated in fresh water
and salt water for either incubation time (summary statistical anal-
ysis, see table S2).

The increased number of attachments and internalizations
observed for the pretreated particles is likely because of the presence
of an eco-corona. To determine whether an eco-corona was present,
we first investigated the surface morphology of microplastic parti-
cles using scanning electron microscopy (SEM). The microplastic
particles exposed to fresh water showed heterogeneously distribut-
ed irregular surface modifications (Fig. 3A), indicating the adhesion
of molecules (28), which might be components of an eco-corona.
Those exposed to salt water seemed to be homogeneously covered
with structures resembling salt crystals (Fig. 3B), which were likely
derived from air drying and which impeded the detection of an
eco-corona. In contrast, the pristine microplastic particles had plain
surfaces without any visible modifications (Fig. 3C), and IgG-
opsonized microplastic particles showed rough but homogeneous
surfaces (Fig. 3D), as is characteristic of particles that are opsonized
with proteins (28). This finding is supported by the fact that the
diameters of these structures were in the same size range (20 to
40 nm) as individual IgG antibodies (29).

Then, to determine whether the surface modifications detected
by SEM might represent biomolecules in an eco-corona, we investi-
gated the chemical signatures of these coatings using micro-Raman
spectroscopy. We found that the surfaces of particles exposed to
fresh water harbored Raman bands, indicating the presence of
biomolecules such as carbohydrates (C—O—C band), amino acids
(C—N—S band), nucleic acids (PO, band), lipids (C—H, C—H.
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Fig. 2. Combined results of particle-cell interactions and internalized micro-
plastic particles. (A) Numbers of particle-cell interactions and (B) numbers of
internalized microplastic particles following 2 (light color) or 4 (dark color) weeks
of incubation (all numbers indicate the means + SE, table S1; IgG, positive control;
FW, particles exposed to fresh water; SW, particles exposed to salt water; UW,
negative contraol, pristine particles from ultrapure water). The numbers of particle-cell
interactions and internalized microplastic particles were standardized to coverslips
with 23,000 cells to which 29,000 particles were added. Because the data span
almost three orders of magnitude, the ordinate is scaled logarithmically. The 1gG
treatment differs highly significant from all other treatments for either incubation
time, Fresh water and salt water differ significantly from ultrapure water (except
where specified otherwise, a Kruskal-Wallis test followed by a Games-Howell post
hoc test was conducted to investigate significant differences between treatments,
2P < 0,001, ¥*P <0.01, *P = 0.05). The salt water treatment shows a significant
increase in the numbers of particle-cell interactions and internalized microplastic
particles over the incubation time, and fresh water shows a significant increase
in the number of internalized microplastic particles during the incubation time
(Mann-Whitney U test: **P < 0.01, *P=0.05).

band), and proteins (C—H and C=0 band) (30), which are known
constituents of an eco-corona (Fig. 4) (3, 23). In contrast, we did
not detect Raman bands specific for biomolecules on the pristine
microplastic particles. We were not able to detect any chemical
signatures specific to biomolecules on the surfaces of microplastic
particles exposed to salt water, most likely because of the incrusta-
tion with salt crystals that was observed by SEM and bright-field
imaging (fig. S4). The very prominent SO, salt Raman band may
have masked other bands specific for biomolecules (fig. S5).
Therefore, we further analyzed the elemental composition of
surface coatings of microplastic particles incubated in ultrapure,
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fresh water, and salt water using x-ray photoelectron spectroscopy
(XPS, Fig. 5). Microplastic particles incubated in fresh water and salt
water displayed a distinct feature corresponding to nitrogen, which
was absent on microplastic particles incubated in ultrapure water (fig. 7).
In addition, salt water-incubated microplastic particles showed
carbon from either —O=C—0— or —O=C—N— groups (fig. S8)
(31). The origin of this signal is more likely from —O=C—N—
groups as the presence of nitrogen was unequivocally confirmed on
microplastic particles incubated in salt water (Fig. 5B). This is fur-
ther supported by the nitrogen peak position (400.1 eV) found on
both salt water- and fresh water-incubated microplastic particles,
which is characteristic of amino acids (31). The presence of a variety
of functional groups on microplastic particles incubated in fresh
water and salt water was further supported by their broad S 2p and
O 1s core spectra (fig. §9). Hence, XPS analysis strongly indicate the
presence of biomolecules not only on the surface of fresh water—
incubated but also even on the surface of salt water-incubated
microplastic particles. Furthermore, the fact that particles incubated
in salt water attached to and were internalized by cells as often as
particles incubated in fresh water indicates that the two types of
particles have similar biomolecular coatings.

DISCUSSION
Overall, our findings suggest that the coating of the particles with
biomolecules enhances the cellular internalization of microplastic
particles, indicating that the presence of an eco-corona is an im-
portant factor inducing the cellular internalization of microplastics.
It has been shown that some proteins act as opsonins that
enhance the internalization of particles into cells, since surface
proteins play an important role in nanoparticle-cell interactions
(32, 33). For instance, Walkey et al. (25) showed that the internal-
ization of gold nanoparticles by the same murine macrophage cell
line as that used in our study is positively correlated with the con-
centration of proteins adsorbed onto the particle surface. Our re-
sults show that the role of surface coatings extends to microplastic
particles in the lower micrometer range exposed to fresh water and
salt water, Once biomolecules adsorb onto microplastic particle
surfaces, they may function as a chemical stimulus for the attach-
ment and internalization of those particles into cells, similar to
mechanisms known for specifically functionalized particles. The
internalization of foreign materials by macrophages is triggered by
membrane receptors such as Fc or scavenger receptors (34). While,
for example, Fcy receptors are highly specific for binding the Fc re-
gion of IgG antibodies (15), scavenger receptors are known for their
broad range of ligand binding (34). Therefore, the internalization of
microplastic particles coated with an eco-corona may occur via
scavenger receptor-induced phagocytosis. Consistently, we found
that pristine microplastic particles with no eco-corona were very
rarely internalized compared with microplastic particles incubated
in fresh water and salt water. Although pristine microplastic parti-
cles do not have an eco-corona, a coincidental internalization of
these particles could be because of membrane ruffling and macro-
pinocytosis, as both processes occur in macrophages (35, 36).
Membrane ruffling is intimately linked to the formation of mac-
ropinosomes, which can be up to 5 um in size (32), and therefore,
pristine microplastic particles with no chemical stimulus on their
surfaces could be nonspecifically internalized together with fluid
because of this process.
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Fig. 3. Representative SEM images of microplastic particles after 4 weeks of incubation, with enlarged views of the surface, (A) FW: Microplastic particles incubated
in fresh water, with an enlarged view of the irregular surface modifications (arrows). (B) SW: Microplastic particles incubated in salt water, with an enlarged view of the
irregular surface modifications with small salt crystals (arrows). (C) UW: Microplastic particles incubated in ultrapure water showing a plain surface. (D) IgG: Microplastic
particles opsonized with IgG with an enlarged view of its homogeneously rough surface. Scale bars, 1 um; SEM settings: 2 to 3 kV, InLens/SE2 detector.

Ring (C—C)
1001

Ring (C—C) (C—H)
103

(C—H),(C—H,)

2
g 2851 P
8 (PO,) (C—N—8)
E 2 (C=H) g50 701
= (c=0) 1410
E 1664 iIC=0=C)
® 561
&

A e

3500 3000 2500 2000 1500 1000 500

Wave number/cm '

Fig. 4. Raman spectroscopic analysis of the coating of microplastic particles incubated with fresh water. (A) False color Raman image of the microplastic particles
(red) and the biomolecules forming a putative eco-corona (blue) on their surfaces, generated from the spectral mapping data. Scale bar, 2 um. (B) The spectrum in red
represents Raman signatures corresponding to the microplastic particles, and the spectrum in blue corresponds to signatures representative of the eco-corona. The
Raman vibrational modes associated with biomolecules are mainly the C-5 stretching mode (701 em™"), the PO, stretching mode (950 em™"), the C—H bending mode
(1410 cm ™), the C=0 stretching mode {1664 cm™"), the C—H and C—H,; stretching mode (2851 cm™ "), and the Raman band at 2126 cm™' (C—N—S), together with the
stretching mode at 701 cm™', which could be indicative of the presence of thiocyanate molecules. Spectral signatures such as the =C—H stretching mode (3053 cm™'), the
C—H bending mode (2906 cm™ '), the C—C bending mode (1604 cm ™), the C—H bending mode (1032 cm ™), and the C—C ring stretching mode (1001 cm™') correspond to
the PS microplastic particles.
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Fig. 5. Core-level spectra of microplastic particles incubated in ultrapure
water (gray), fresh water (green), and salt water (blue). (A) C 15 region showing
the characteristic PS signals at 284.8 and 291.5 eV corresponding to carbon from
(—C—C— aliphatic and aromatic) and n-n* shake-up processes, respectively (44). In
addition, all the samples display a signal at 286.5 eV, attributable to the carbon
bound to oxygen as in alcohol or ether functional groups. Microplastic particles
from salt water additionally show a signal at 289 eV, possibly from the carbon
in —0=C—N or —0=C—0 functional groups. (B) N 1s region from all the samples,
confirming the presence of nitrogen on the surface of microplastic particles
incubated in fresh water and salt water with the maximum at 400.1 eV. (C) 5 2p
region showing prominent signals at 168.5 and 169.8 eV on the surface of microplastic
particles from ultrapure water and fresh water, and salt water, respectively,
corresponding to sulfate functional group.

‘We show that an eco-corona formed under environmental con-
ditions facilitates cellular internalization of microplastics in a size
range frequently found in nature (26). Hence, it may not be pristine
plastic particles per se but rather microplastics exposed to the
environment that pose a health risk. It enhances the probability of
cellular internalization and therefore may pose more of a health risk
to organisms that ingest these particles along with their food. The
coating with an eco-corona may then lead to a “Trojan horse” effect
that particles normally not interacting with membrane receptors

Ramsperger et al., Sci. Adv. 2020; 6 : eabd1211 9 December 2020

151

become internalized (37). Thus, the generally prevailing assump-
tion that plastic itself behaves as an “inert” material from a toxi-
cological point of view (23, 38) is not valid for microplastic particles
when exposed to fresh water and salt water. This is in concordance
with the suggestion of Galloway et al. (3) that environmental coat-
ing plays an important role in the interaction of microplastics
with cells and tissues and therefore in determining their ecological
impact.

We anticipate our results to be a starting point for investigations
on the cellular mechanisms of microplastic internalization from
fresh water and salt water and even terrestrial environments. This
will allow us to obtain a comprehensive picture of microplastic
internalization by cells, which, in turn, will be indispensable for
identifying how microplastic exposure might affect organisms in
polluted environments.

MATERIALS AND METHODS

Experimental design

Cell line and cell culture conditions

Murine macrophage J774A.1 cells (DSMZ, Braunschweig, Germany)
were cultured as described previously by Keller et al. (39). To main-
tain suitable cell concentrations, cells were passaged three times per
week to an appropriate number and cultured in T-75 culture flasks
(Corning, New York, USA). Before the experiments, the cells were
scraped off of the culture flask surfaces into the culture media,
centrifuged (200g, 2 min, 20°C), and resuspended with 5 ml of cell
culture medium in a Falcon tube (Corning, Corning, New York, USA).
Then, the cells were counted using a hemocytometer (Neubauer
improved, Brand, Wertheim, Germany), seeded on microscope
coverslips (diameter, 18 mm; #1, MENZEL GLASER, Braunschweig,
Germany) in 12-well plates (CellStar, Greiner Bio-One, Frickenhausen,
Germany) in 1 ml of cell culture medium, and allowed to adhere
onto the coverslips under standard culture conditions (37°C, 5% CO,,
humidified) overnight. On each coverslip, 40,000 cells per milliliter
were seeded to obtain a mean number of 23,000 cells per coverslip
(not all cells adhered to and remained on the coverslips during the
experimental procedure).

Microplastic particles and pretreatment conditions

Plain nonfluorescent white polystyrene beads (microplastic particles)
with a diameter of 3 um (Micromod, Rostock, Germany, white par-
ticles, micromer plain, Prod. Nr. 01-00-303) were incubated in fresh
water or salt water for the environmental samples, or in ultrapure
water (Veolia Purelab flex, Veolia, Celle, Germany) to serve as the
“pristine microplastic particle” negative control. Freshwater samples
were obtained from an artificial outdoor pond, whereas saltwater
samples were collected from a marine aquarium facility with a
defined salinity of 35 %e (fig. $1). Twenty microliters of micro-
plastic particle stock solution (50 mg ml™") was added to 980 pl of
the corresponding water sample (fresh, salt, and ultrapure water) in
a glass vial (autosampler vials, 1.2 ml; neoLab, Heidelberg, Germany).
The ultrapure water (Veolia Purelab flex, Veolia, Celle, Germany)
was filtered (Whatman Puradisc syringe filter, 0.2 um: GE Healthcare,
Freiburg, Germany) under sterile conditions to exclude microbial
activity. For each treatment (fresh, salt, and ultrapure water),
10 replicates (glass vials) were prepared. To ensure vital microbial
communities within the environmental samples during the incuba-
tion process, the corresponding water samples were changed three
times per week. Each glass vial was centrifuged (2000g, 20 min,
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room temperature), and 900 pl of supernatant was replaced by the
same amount of new corresponding water samples. To prevent
aggregation of the microplastic particles by sedimentation, all sam-
ples were placed on a shaker (100 rpm at room temperature) for the
whole incubation time. Although we did not add additional surfac-
tant to avoid aggregation of the microplastic particles, only occa-
sionally aggregates were found in all samples. Microplastic particles
from fresh, salt, and ultrapure water were collected for the cell ex-
periments after 2 weeks of incubation, while the remaining particles
were further incubated under the same conditions for an additional
2 weeks within the same vials.

For the positive control, IgG antibodies (native IgG primary anti-
bodies from mouse serum; Merck Millipore, Darmstadt, Germany)
were passively adsorbed onto carboxylated microplastic particles
(Micromod, Rostock, Germany, white particles, micromer COOH,
Prod. Nr. 01-02-303) according to the protocol described by Keller et al.
(39). Opsonization was verified by antibody-antibody labeling with
goat anti-mouse IgG cross-adsorbed fluorescent secondary antibody
(Dy-Light 488, Thermo Fisher Scientific). The IgG-opsonized
microplastic particle stock solution was stored at 4°C for later use as
a positive control for assessing internalization.

Quantifying numbers of pretreated, positive, and negative
control microplastic particles

The numbers of microplastic particles within each treatment were
quantified, because due to the media exchange of microplastic par-
ticles incubated in fresh, salt, and ultrapure water, an unknown
number of particles were lost. The quantification of the numbers of
microplastic particles from fresh, salt, and ultrapure water was con-
ducted in subsamples for both incubation times (2 and 4 weeks).
The number of microplastic particles within the IgG treatment was
only counted once because those particles were obtained from an
unmodified stock solution (no media exchange was performed, and
therefore, a loss of IgG particles can be ruled out). To quantify the
numbers of microplastic particles for each treatment and incuba-
tion time, 100 pl of microplastic particle dilutions [fresh, salt, and
ultrapure water:phosphate-buffered saline (PBS) 1:100; IgG stock
solution:PBS 1:1000] was added to two sample wells per treatment
within a 12-well plate, and the particles were allowed to sediment.
For imaging, the 12-well plates were placed onto an inverted micro-
scope (Nikon Eclipse Ti, NIKON, Tokyo, Japan, 20x/0.45 objective),
and spatial image series were acquired with an electron-multiplying
charge-coupled device (EMCCD) camera (Luca-R, Andor, Belfast,
Northern Ireland). For each sample well, three regions of interest
(ROIs) (4.23 mm’ each) were imaged, and the numbers of micro-
plastic particles were counted using the Fiji Image] cell counter
software (40). We tested the distribution of particles within one
sample well by microscopy. Heterogeneities of the particle numbers
did occur, but we compensated for this by standardizing to 29,000
particles for each treatment for a whole coverslip (245.50 mm?).
Cell experiment

The following experimental procedure was implemented to obtain
samples for the quantification of microplastic particles interacting
with cells (PCI), the measurement of the area covered by cells on the
coverslips, and for investigating the number of internalized micro-
plastic particles from the PCL

After 2 or 4 weeks of exposure to fresh, salt, and ultrapure water,
microplastic particles were added to cells, which were prepared
on coverslips in 12-well plates the day before the experiments, as
described above. Microplastic particles pretreated with fresh, salt,
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or ultrapure water and IgG-opsonized microplastic particles were
diluted in cell culture medium (fresh, salt, and ultrapure water
1:100; IgG stock solution 1:1000). The 12-well plates containing the
prepared cells were placed on ice for 1 hour to reduce cellular activ-
ity. From each treatment of the pretreated microplastic particles
and the IgG-opsonized particles, 100 pl of each microplastic particle
dilution was added to a coverslip. Ten coverslips for each treatment
and exposure time were prepared, yielding a total of 80 coverslips.
After 1 hour of microplastic particle sedimentation, the well plates
were incubated at 37°C (Kelvitron kl BK6160, Heraeus, Hanau,
Germany) for 2 hours to activate cells. Then, the coverslips were
washed three times with PBS to remove unattached microplastic
particles. Cells were fixed using a PBS-PFA solution containing 4%
PFA (Sigma Aldrich, St. Louis, Missouri) for 15 min on ice. Then,
the coverslips were washed again three times with PBS, and 50 pl of
labeling solution was added and allowed to sit for 25 min to label
filamentous actin. The labeling solution consisted of Alexa Fluor
Phalloidin 488 (Invitrogen, Carlsbad, USA) and dilution buffer,
consisting of 98.7% PBS, including 0.3% Triton and 1% bovine
serum albumin (AppliChem, Darmstadt, Germany), to a final con-
centration of 1:25. The coverslips were again washed three times
with PBS and transferred to 1 ml of ultrapure water. Last, the cover-
slips were mounted on glass slides (Servoprax, Wesel, Germany)
with Fluoromount-G (SouthernBiotech, Birmingham, Alabama)
mounting media and allowed to dry overnight. The next day, the
coverslips were fixed to the glass slides with nail polish (fig. S2).
Quantification of PCl and area covered with cells on coverslips
To determine the total number of PCI on each coverslip, five ran-
domly chosen ROIs (0.29 mm?) were selected and imaged by using
a DMI 6000 microscope (Leica, Wetzlar, Germany, HCX PL APO
63x/1.30 oil objective) including a spinning disc unit (CSU-X1,
Yokogawa, Musashino, Japan) with an EMCCD camera (Evolve
512, Photometrics, Tucson, Arizona, including an additional x1.2
magnification lens). A differential interference contrast (DIC)
microscopy image was acquired to quantify the PCI within the
ROIs using the Fiji Image] cell counter software. In addition, confocal
stacks of fluorescently labeled cells were acquired using a 488-nm
laser (50 mW, Sapphire 488, Coherent, Santa Clara, California) at a
spinning disc speed of 5000 rpm to excite fluorescence. Axial stacks
of the cells were acquired with a vertical distance of 0.2 um, which is
sufficient to oversample the image given the axial resolution of the
microscope (41).

The confocal stacks were used to calculate the area covered by
cells within an ROI. The area covered by cells was detected using
both the DIC and the fluorescence channel simultaneously to ob-
tain robust results. As described previously (42), a local contrast
filter was applied to the DIC images to obtain a rough approxima-
tion of the cell mask Mpjc. The local contrast filter highlights areas
in which the difference AI between the local intensity maximum
and minimum is larger than a given threshold Tpc

T Lif Alpiccirde > Tpic
DIC.if 0 ifAIDIC,s;in.]c = TDIC

A circular filter with a radius of 3 px was chosen. To obtain a
mask Mg of the area covered by cells in the fluorescence channel,
the axial stacks of 25 images Iy (index k) were projected to the
intensity maximum, and a simple threshold Ty was applied to the
resulting image
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B 1ifmax ({Ipx})ij > Tk
Fij = 0 ifmax ({Irx})ij = T

The masks were multiplied to obtain a mask M that highlights
areas in which cells were detected in both channels

M;; = Mpic;* M,

In the resulting mask, small holes were filled up to a size of 40 pmz,
which corresponds to 8% of the average cell size. Next, the mask was
smoothed by a Gaussian filter approximation (43) with an SD of
3 px = 0.6 pm to reduce pixel noise at the cell boundary. Objects in
the background with an area of less than 80 pmz were excluded,
which appear in M mainly because of noise in the background (42).
In this step, care was taken not to exclude any cells (fig. $6). Areas
covered by cells within an ROI were extrapolated to a whole coverslip
(245.50 mm?). The whole algorithm was implemented in MATLAB
2017b (MathWorks Inc.).

Investigation of internalized microplastic particles

From the same samples used to quantify PCI and areas covered with
cells on coverslips, we visually screened each sample for single PCI
to distinguish between particles that were only attached to cell
membranes or were internalized. All samples were scored blind to
exclude personal bias. The same DMI 6000 microscope including a
spinning disc unit with a higher magnification (100x/1.40 oil objec-
tive) was used. Beginning from a randomly defined starting point,
the coverslips were screened in the DIC channel until 100 to
110 PCI were detected or until the whole coverslip was completely
screened. Once a PCI was found, a DIC image was taken, and axial
stacks of fluorescently labeled cells were acquired (vertical distance
of the axial stacks, 0.2 um). To evaluate internalization of the micro-
plastic particles, each confocal stack of cells with labeled actin
filaments was analyzed with Fiji Image] (version: 2.0.0-rc-54/1.51 h
2016-09-08) orthogonal views. The microplastic particles used in
the experiments were not fluorescent and therefore were not direct-
ly visible in the confocal stacks. DIC images were used to mark the
particle positions (using the ROI manager in Fiji Image]). These
positions were then transferred to the confocal stacks, in which in-
ternalized particles were visible as spherical black regions within the
actin network. Only microplastic particles that were fully surrounded
by actin filaments were considered to be internalized. Microplastic
particles that were only partly surrounded were considered to be
attached to cell membranes.

Combination and standardization of the results

The number of PCI (ROI-PCI experiment, 0.29 mm?) and the num-
ber of microplastic particles added (ROI-quantifying numbers of
pretrealcd, posilive, and negative control microplastic particles,
4.23 mm®) were extrapolated to a whole coverslip (245.50 mm?). As
the areas on the coverslips covered by cells differ slightly between
replicates and time points and as the microplastic particle concentra-
tions differed between treatments (because of the loss during media
exchange), each coverslip was standardized. A standard coverslip con-
tains CellNumberg,nacs = 23,000 cells and ParticleNumber.,,gcs = 29,000
microplastic particles, which represent the rounded mean values
(rounded to the nearest thousand) of the numbers of cells and particles
over all treatments and time points. The cell number CellNumberandcs
was determined by calculating the mean area covered by cells on a
coverslip (11.33 mm?) divided by the average size of a single cell
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(495 pm?), which led to 23,000 cells on a standard coverslip. The
number of microplastic particles ParticleNumberg,,dcs was the mean
number of microplastic particles added to the coverslips. The stan-
dardization was performed with the following equation to obtain
comparability between the treatments and incubation times despite
slightly varying cell and particle numbers

CeHNumbersmch « | ParticleNumber ganacs
CellAreacs } ParticleNumbercs
SingleCellAreacs

All PCI determined for a single coverslip (PCl¢s) were multi-
plied with the CellNumberynacs divided by the ratio of the exact
area of cells on the coverslip CellAreacs and the area of a single cell
(SingleCellAreacs) on this specific coverslip and furthermore multi-
plied with the ParticleNumberg,nacs divided by the actual num-
ber of microplastic particles counted on this specific coverslip
(ParticleNumbercs).

Scanning electron microscopy

To visualize the surface structures of microplastic particles, samples
were analyzed using a scanning electron microscope (LEO1530
Zeiss, Oberkochen, Germany; magnification, x500 to x50,000, 2 to
3 kV; InLens/SE2 detector). First, each sample of the pretreated and
IgG-opsonized microplastic particles was diluted in ultrapure water
(1:100), and 10 pl of this dilution was pipetted onto a silicon wafer
placed on carbon conductive tabs (@ 12 mm Plano GmbH, Wetzlar,
Germany) fixed to aluminum stubs (& 12 mm, Plano GmbH, Wetzlar,
Germany). The stubs were then transferred into a desiccator and
stored until the images were acquired. Samples were subsequently
coated with a 2-nm-thick platinum layer (208HR sputter coater,
Cressington, Watford, UK) and analyzed using the scanning electron
microscope.

Micro-Raman spectroscopy

All Raman spectroscopic measurements were performed using a
micro-Raman spectrometer (WITec Alpha 300 RA+, Ulm, Germany)
equipped with a UHTS 300 spectrometer and a back-illuminated
Andor Newton 970 EMCCD camera. A frequency-doubled Nd-
YAG laser with a wavelength of 532 nm was used as the excitation
source. The exciting laser radiation was coupled to a Zeiss micro-
scope through a wavelength-specific single-mode optical fiber. The
laser beam was focused onto the sample by means of a 50x long
working distance [numerical aperture (NA) = 0.7, lateral resolution
ca. 500 nm] and 100x (NA = 0.9, lateral resolution ca. 300 nm) Zeiss
objective. The focal length of the spectrometer is 800 mm, and it is
equipped with a diffraction grating having a groove density of
600 lines per millimeter to give a spectral resolution of ~3 to4 cm ™.
The laser power used was approximately 5 to 15 mW at the fiber for
all measurements. Raman scattered light was detected by a Peltier-
cooled complementary metal oxide semiconductor-based CCD
with a sensor size of 1600 x 200 px. The instrument was operated by
the integrated Witec Control Five software (version 5). All spectra
were acquired in the 3600 to 500 cm ™' spectral range. The acquired
data were preprocessed using Witec Project Five software (version 5)
that allowed compensating for cosmic radiation and other back-
ground signals. A true component analysis was also performed
using the Witec Project Five software to visualize the spatial distri-
bution of different components within the Raman image (for exam-
ple, the cell, polystyrene microplastic particles, and mounting
media).

PClgana = PC‘ICS’r
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Single spectrum acquisition mode with a 50x long working
distance objective (NA = 0.7) was used to confirm that the chosen
particles from detected PCI showed spectral signatures specific to
polystyrene, which showed that the particles were the used micro-
plastic particles and not contaminants of a similar shape and size.
For each treatment and incubation time, 10 PCI were investigated
per sample. The integration times ranged between 10 and 15 s for
single spectrum acquisitions. Second, the chemical components on
the surface of the microplastic particles after exposure to fresh water
and salt water were investigated. Raman imaging mode was used for
these investigations. Therefore, 2 x 20 pl of microplastic particle
samples from fresh, salt, and ultrapure water after 4 weeks of incu-
bation and the corresponding water were pipetted onto two marked
positions on a glass slide (SERVOPRAX, Wesel, Germany), trans-
ferred into a desiccator, and allowed to dry. Raman images were
acquired from these samples with the following parameters:
100x objective (NA = 0.9), scan area of 15 x 15 pm, step size of
100 nm, and integration time of 0.5 s/pixel.

X-ray photoelectron spectroscopy

For sample preparation, 2 x 20 ul of microplastic particle solutions
from fresh, salt, and ultrapure water after 4 weeks of incubation and
the corresponding water were pipetted onto a glass slide (Servoprax,
Wesel, Germany). Samples were transferred into a desiccator, and
by using a water jet vacuum pump, a slight vacuum was produced
and samples were allowed to dry. XPS spectra were measured with
the PHI 5000 VersaProbe III system fitted with an Al Ko excitation
source (hv = 1486.6 ¢V) and a dual neutralizer (electron gun and
Ar") at 107'" mbar pressure. An x-ray source diameter of 100 um
was used to locally excite the samples; the corresponding photo-
emission with 45° take-off angle was collected at the multichannel
analyzer, The survey and the detailed spectra were measured with
pass energies of 224 and 69 or 112 eV, respectively. The SD on
the reported energy values is 0.1 eV. The reproducibility of the
observed results was confirmed by performing at least three measure-
ments at different places of the samples. The spectra were analyzed
with a Multipak software pack, provided by the manufacturer. All
emission signals were referenced to adventitious C 1s peak at 284.8 eV.
For quantitative analysis of the spectra, Shirley background correc-
tion was used. For deconvolution of C 1s and S 2p spectra of salt
water- and fresh water-incubated samples, respectively, a combi-
nation of Gaussian and Lorentzian functions was used without
fixing any constrain on the peak position or FWHM; however, in
S 2p spectrum, the multiplet splitting parameters for 2p orbitals were
assigned prior to fit the bands. For comparative purposes, the C 1s,
N 1s, and S 2p spectra shown in the main text were normalized.
Statistical analysis

Statistical analysis was conducted using R studio software (Version
1.0.143). The data for PCI, as well as for internalized microplastic
particles, were tested for normal distribution (Shapiro-Wilk test)
and homogeneity of variances (Levene test). A Kruskal-Wallis test
with a Games-Howell post hoc test (P-adjust method for multiple
nesting: Bonferroni Holm) was conducted to check for differences
between treatments. To check for differences within one treatment
regarding the incubation time, a Mann-Whitney U test was per-
formed.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabd1211/DC1
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Fig. S1. Images of the sampling sites for the incubation waters. A) Freshwater was
obtained from an artificial pond and B) saltwater was obtained from a marine aquaria
facility, both inhabiting a rich floral and faunal population. Photo Credit: Anja F.R.M.
Ramsperger, University of Bayreuth.
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Fig. S2. Scheme of experimental procedure for the cell experiments. A) Cells were
cultured under standard culture conditions and then transferred on ice to pause cellular
activity. Corresponding treatments were randomly added to coverslips within a well plate
and microplastic particles sedimented onto coverslips for one hour. Afterwards, the well
plates were transferred to 37 °C culture condition to allow internalization of microplastic
particles for all cells at the same time. B) After two hours of internalization time,
coverslips were washed with PBS buffer to remove unattached microplastic particles and
cells were fixed with 4 % paraformaldehyde for 15 minutes on ice to stop cellular activity
for all cells simultaneously. C) Coverslips were again washed and filamentous actin was
fluorescently labelled within 20 minutes at room temperature. D) Finally, coverslips were
mounted on glass objective holders and stored at 4 °C until microscopic analysis. E)
From each coverslip region of interest (ROI) experiments were conducted to evaluate the
number of particle—cell-interactions and to calculate the arca covered with cells on a
whole coverslip using maximum intensity projected images of confocal stacks. On the
same coverslip, single cells were observed to evaluate the number of internalized
microplastic particles using single differential interference contrast images and confocal
stacks of fluorescently labelled cells (screening experiment). F) Results were combined to
compare treatments.

158



Published articles and manuscripts

ring (C-C)
1001
(=C-H) z
T 3053 (2‘:90"6] ring (C-C) (C-H)
§| | | 1604 1032
1]
£ J"\ \, X A ~ .
e
C| N ’
[l A S
g : i
£ 1
+4
3500 3000 2500 2000 1500 1000 500
B) «———Wavenumberfcm’
ring (C-C)
1001
|
(=C-H)
3053
c-H)
2906
ring (C-C) (C-H)

1604 ‘"’3"]

Raman intensity —

T T T T T T 1
3500 3000 2500 2000 1500 1000 500
<«———Wavenumberlcni’

Fig. S3. Raman spectral analysis of a particle and a cell to investigate whether the
particle is one of the utilized polystyrene microplastic particles. A) False color Raman
image of a cell-particle-interaction (in this case, the particle was exposed to freshwater,
scale bar: 2 pm). Colors from Raman image match colors in corresponding spectra. The
red spectrum shows peaks specific for polystyrene, the blue spectrum shows peaks
corresponding to the mounting media and the green spectrum shows peaks corresponding
to cells. Arrow in the red spectrum highlights specific peak for thiocyanate, which is a
possible component of the eco-corona on microplastic particles exposed to freshwater as
the same peak was found in the eco-corona analysis (Fig. 4 main text). B) Each spectrum
represents a mean spectrum acquired from ten particles measured from each of the eight
treatments (IgG, freshwater, saltwater and ultrapure water two and four weeks,
respectively). All spectra have been vector normalized and offset for the ease of
representation and show Raman signatures specific to polystyrene.
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Fig. S4. Bright field image and SEM-image of microplastic particles exposed to
saltwater. (A) Bright field image with arrows highlighting the position of microplastic
particles which are embedded within salt crystals; scale bar: 100 pm. (B) SEM image
with magnified area shows that microplastic particles are embedded in larger salt crystals
(arrow) and show circular layers on microplastic particles in magnified view (arrow);
scale bar: 10 pm.
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Fig. S5. Raman spectrum of microplastic particles exposed to saltwater (red) and
spectrum of the saltwater itself (black). Spectral signatures such as =C-H stretching
mode (3053 cm™), the C-H bending mode (2906 cm™), the ring C-C skeletal stretching
mode (1604 cm™), the C-H bending mode (1032 cm™) and C-C ring stretching mode
(1001 ecm™) correspond to the polystyrene microplastic particle from saltwater in the red
spectrum. Likewise, signatures corresponding to the salts such as sulphates, bicarbonate
and phosphates are observed in the black spectrum. A comparison of the two spectra
indicates that the Raman signatures of PS microplastic particles incubated in saltwater are
likely to have contribution from the sulphates, bicarbonate and phosphates-based salts
whose Raman bands appear to coincide with the bands of the PS microplastic particle.
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Fig. S6. Illustration of the cell detection algorithm used in the ROI- experiments. A
local contrast filter was applied to DIC images (A) to achieve a rough mask of the regions
covered by the macrophages (B). To refine the mask, we applied a threshold to the
fluorescence images (C) to get a mask depicting the locations of the cells in the
fluorescence channel. Both masks were combined by an *‘AND’-operation, small,
remaining objects were removed and the resulting mask was filtered by a gaussian filter
with a size of 3 px to achieve a smooth and robust final cell mask (E). The outlines
shown in (A) and (C) are identical to the outlines of the final mask (E). The algorithm
was implemented in Matlab 2017b (The MathWorks, Inc.).
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Fig. S7. XPS survey spectra of microplastic particles incubated in different water
samples. The survey spectra of dried ultrapure water (gray), fresh- (green) and saltwater
(blue) samples showing prominent signals correspond to carbon (C 1s, 284.8 ¢V), oxygen
(O Is and O KLL, ca. 532. 5 eV and 979.1 eV, respectively), nitrogen (N 1s, 400.1 eV),
sodium (Na 1s and 2s, ca. 1072 and 51.5 eV, respectively), magnesium (Mg 2s and Mg
KLL, 90.1 eV and ca. 307-385 eV), chlorine (Cl 2p and 2s, 199.1 eV and 270.1 eV) and
sulphur (S 2p, 169.7 ¢V) elements.
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Fig. S8. The deconvolved C 1s core level spectrum of microplastic particles
incubated in saltwater. Color code: original spectrum (black); composite spectrum
(red); fitted band 1 (blue dashed line) with the peak maximum at 284.8 eV, corresponding
to the carbon from —Caiiphatic and aromatic Units; fitted band 2 (magenta dashed line) with the
peak maximum at 286.0 eV corresponds to the carbon from a -C-O- group; fitted band 3
(magenta dashed line) with the peak maximum at 289.4 eV (orange dotted line) attributed
to the carbon from either -O=C-N- or -O=C-0- groups; background (gray dashed line)
and fit residual (black dotted line).

164



Published articles and manuscripts

S 2p3/2
168.2 eV

1

S 2pi/2
169.4 8V

S2pi/2  S2p3/2
1654 eV 164.3 eV

Counts (a.u.)
Counts (a.u.)

172 170 168 166 164 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Fig. 89. The deconvolved S 2p and O 1s core level spectra of microplastic particles
incubated in freshwater. (A) The deconvolved S 2p spectrum of microplastic particles
incubated in freshwater. Color code: original spectrum (black); composite spectrum (red);
band 1 — multiplet splitting of the S 2p band centered at 164.5 ¢V to S 2p3/2 (164.3 ¢V)
and S 2pl/2 (165.4 eV), corresponding to the sulphur from thiophenic, thiols and
thioether functional groups; band 2 - multiplet splitting of the S 2p band centered at

168.5 eV to S 2p3/2 (168.2 ¢V) and S 2p1/2 (169.4 eV), originating from the sulphate
groups (42). (B) O Is core level spectra of microplastic particles incubated in ultrapure
water (gray), fresh- (green) and saltwater (blue) centered at ca. 532.5 eV with the full-
width-half-maximum (FWHM) of 1.74 eV, 2.04 eV and 2.1 eV, respectively. In line with
the indication for the presence of —-C-O-, -O=C-N- and sulphate functional groups on
microplastic particles incubated in fresh- and saltwater, their O1s core level peaks
FWHM (ca. 2.0 eV) is slightly higher than that of the microplastic particles incubated in
ultrapure water (1.74 eV). In addition, the O/C atomic ratio calculated from the area
under the corresponding O 1s and C s peaks increases from microplastic particles
incubated in ultrapure water (0.17) to freshwater (0.18) and saltwater(0.75), which
corroborates the highly functionalized surfaces of microplastic particles incubated in
fresh- and saltwater.
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Table S1. Summary of the mean numbers of particle-cell-interactions (“PCI”) and the
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numbers of microplastic particles internalized by cells (“Internalized”) for all treatments
and incubation times and the corresponding standard errors of mean (“s.e."”). Significant
differences (Kruskal-Wallis rank sum test) are highlighted in grey. IgG = IgG-opsonized, FW =
freshwater-, SW = saltwater-, UW= ultrapure water-exposed microplastic particles, respectively.

Incubation Kruskal- Wallis rank sum test
N per
Category time P Treatment Mean +se Chi- Df p
treatment
[weeks] squared
1gG 10,504.36 1,494.40
FW 829.14 155.23
PCI 2 10 30.606 3 1.029e%
SW 710.57 155.49
uw 106.66 93.89
1gG 11,872.38 1,261.52
FwW 992.45 134.47
PCI 4 10 34.429 3 1.608e07
SW 1,555.79 244.01
uw 41.36 27.90
1gG 7.,457.40 1,046.95
FW 329.60 63.48
Internalized 2 10 32.128 3 4.919e%7
Sw 319.68 65.19
uw 24.77 17.25
1gG 7,803.31 849.56
. FW 566.13 101.30
Internalized 4 10 34.043 3 1.94e %
SW 876.88 150.36
Uw 20.19 20.19
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Table S2: Summary statistical analysis for differences between treatments and incubation time. Subsequent to the non-parametric Kruskal Wallis test to
investigate differences between all tested treatments a Games-Howell-post hoc test was conducted. The Games-Howell post hoc test analyzes each treatment
and incubation time combination (e.g. IgG 2 weeks vs. FW 2 weeks, IgG 2 weeks vs. SW 2 weeks, etc.) to compare the differences in the particle-cell-interactions
(PCI) and number of internalized particles. For pairwise comparisons of the incubation times within one treatment a non-parametric Mann-Whitney U test was
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performed. Grey color highlights statistically significant values. IgG= IgG-opsonized, FW = freshwater, SW = saltwater, UW= ultrapure water.

Incubation Mann-Whitney U
: Groups Mean Upper e
Category time . s s.e. t df p i Lower limit | Groups tested W P
[weeks] [weeks]
FW -9,575.21 1,062.39 6.44 9.19 0.001 -5,004.93 -14,345.50
IgG swW -9,793.79 1,062,33 6.52 9.19 0.000 -5,123.56 -14,464.02 | IgG2 IgG 4 41 0.528
uw -10,397.69 1,058.78 6.94 9.07 0.000 -5,730.70 -15,064.69
£2l 2 SW -118.58 154,86 0.54 18.00 0.948 500.404 -737.56
F uw -722.48 128,28 3.98 14.807 0.006 -198.81 -1,246.15 | FW2 FW 4 40 0.481
sw uw -603.90 127,83 3.34 14.850 0.021 -92.24 -1,125.57
FW -10,879.93 897.08 8.58 9.2 [ 0.000 | -6937.19 [ -14,822.66
1gG | sw -10,316.59 908.56 8.03 967 | 0000 | -636140 | -14271.78 | SW2 | SW4 | 15 | 0.007
pCI 4 uw -11,831.02 892.25 9.38 9.01 0.000 -7,892.62 -15,769.41
sw 563.34 197.01 2.02 14.01 0.226 1,373.10 -246.43
W uw -951.09 97.11 6.93 9.77 0.000 -529.16 -1,373.02 | UwW 2 uw4 50 1
sw | uw -1,514.43 173.67 6.17 9.24 [ 0.001 -751.66 -2,277.20
FW 712791 741.66 6.80 9.07 | 0.000 | -3,858.27 | -10,397.32
1gG sSW -7,137.71 741.74 6.80 9.07 0.000 -3,868.12 -10,407.30 | IgG2 1gG 4 40 0.481
— B uw -7,432.63 740.41 7.10 9.01 0.000 -4,164.18 -10,701.08
B SW -9.92 64.34 0.11 17.99 1.000 247.25 -267.10
uw -304.84 46.51 463 10.32 | 0.004 -104.74 -504.95 | FW2 | Fw4 | 23 | 0.043
sw | uw -294.92 47.68 437 10.26 | 0.006 -89.54 -500.30
FW -7,237.17 604.99 8.48 9.26 0.000 -4,681.14 -9,893.20
IgG | sSwW -6,926.42 610.07 8.03 9.56 | 0.000 | -4,264.96 -9,587.89 | SW2 | Sw4 12 | 0.003
i Earndied i uw -7,783.11 600.90 9.16 9.01 0.000 -5,130.81 -10,435.42
SW 310.75 128.20 1.71 15.77 | 0.349 830.26 -208.76
Fw uw -545.94 73.04 529 9.71 | 0.002 -228.25 -863.63 | UW2 | UW4 | 54 | 0670
sw uw -8566.69 107.27 5.65 9.33 0.001 -386.41 -1,326.96
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ABSTRACT: The environmental fate and toxicity of microplastic particles are dominated by their
surface properties. In the environment, an adsorbed layer of biomolecules and natural organic
matter forms the so-called eco-corona. A quantitative description of how this eco-corona changes
the particles’ colloidal interactions is still missing. Here, we demonstrate with colloidal probe-
atomic force microscopy that eco-corona formation on microplastic particles introduces a
compressible film on the surface, which changes the mechanical behavior. We measure single

AL

Mlexander-de Gennes
ve

Force/Effective Radius
[mN/m]

particle—particle interactions and find a pronounced increase of long-range repulsive interactions

upon eco-corona formation. These force-separation characteristics follow the Alexander—de Gennes (AdG) polymer brush model
under certain conditions. We further compare the obtained fitting parameters to known systems like polyelectrolyte multilayers and
propose these as model systems for the eco-corona. Our results show that concepts of fundamental polymer physics, like the AdG
model, also help in understanding more complex systems like biomolecules adsorbed to surfaces, i.e,, the eco-corona.

1. INTRODUCTION

Plastic litter is an environmental concern as it is ubiquitous in
water, air, and on land.'™® Exposed to environmental
conditions like changing temperature, mechanical stress, or
UV radiation, it degrades into smaller par’[iclea‘;.f"T Next to these
particles, abrasion from any plastic product and particles
generated in the size range below 5 mm are termed as
microplastics.” Tts ubiquitous abundance and small size pose a
risk to organisms and the human health due to particle
ingestion and inhalation.”"” In the last decade, toxicity tests on
various organisms and cells with different polymer types, sizes,
and shapes were performed.''~"* Most of the studies focused
thereby on spherical model particles, which are either pristine
(plain) or functionalized. Although it is necessary to start
investigations with well-defined particles, results of such
studies do not represent the properties of real environmental
microplastics.'*

As the particles disintegrate and shrink in size, their surface
area to volume ratio increases. Therefore, the surface is
dominating the interaction with its surrounding making it
essential to consider its properties. In addition to the increased
surface area, the underlying mechanisms that cause disintegra-
tion do also change the surface properties.”’® However, not
only disintegration leads to surface modification. In the
moment microplastic particles enter the environment, they
are exposed to a mix of different biomolecules (proteins and
polysaccharides) and natural organic matter (NOM) like
humic acids. These molecules adsorb to the particle surface
forming an eco-corona.'® The adsorption of these molecules
alters eventually the microplastics surface morphology, charge,
chemistry, and potentially mechanics,'” >’

© 2022 The Authors. Published by
American Chemical Society

" 4 ACS Publications

Several aspects are affected when the surface changes its
properties.”’ ~*7 Singh et al.*® investigated the aggregation
behavior of polystyrene (PS) nanoparticles. They demon-
strated in the presence of different salt concentrations and
humic acids that these particles are stabilized due to steric
forces upon adsorption of these molecules. In accordance to
these results, Wu et al.>? also found humic acids to stabilize PS
nanoplastics in solution preventing aggregation.

Another aspect affected by eco-corona formation is particle—
cell interaction. Ramsperger et al* showed that the induced
change of the surface properties leads to an increase of
particle—cell attachment and uptake. The eco-corona and its
effects on the cell interactions might therefore also change
toxicity of microplastic particles. Whether surface charge,
mechanics, morphology, chemistry, or the contribution of
several factors plays the dominant role for changes in particle—
cell interactions is yet unknown. The role of mechanical
properties of particles in cellular uptake has received attention
recently.’’ Hartmann et al.’® investigated with the help of
colloidal probe-atomic force microscopy (CP-AFM) the
stifiness-dependent uptake of microparticles into cells. They
could show that softer particles are transported faster to
lysosomes than stiffer ones. Due to the adsorption of hydrated
molecules eco-corona covered particles are expected to be
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softer at the surface than plain particles. Therefore, stiffness-
dependent uptake is expected to be important for eco-corona-
covered microplastics as well. Examining the mechanical
properties before and after the eco-corona formation is crucial.
It clarifies the impact of environmental exposure onto the
particle mechanical properties and opens the way to study how
cellular uptake is affected.

Using CP-AFM, it was shown for pristine microplastic
particles that transport in porous media is determined by ionic
strength and flow velocity.” Furthermore, aggregation
behavior is dependent on pH, ion type and valency, surface
chemistry, and charge.”*™** This is not only true for
microplastic particles but colloids in general.*”** Focusing on
microplastic particles and to be more precise, their
physicochemical properties is important as pristine particles
can show different interaction behavior although they are
identical in shape, size, and polymer type.*” This makes it
necessary to address interactions to certain properties instead
of their polymer type. As mentioned above, microplastic
particles that are exposed to the environment adsorb
molecules. The amount adsorbed to the surface is dependent
on chemistry and charge of the particle and molecules,
respectively.*' ~** In addition, the concentration of adsorbing
biomolecules is influencing the surface coverage and therefore
affecting the interaction forces as it has been shown for
polyelectrolytes.”*™** Moreover, Block et al. quantified
repulsive interaction forces occurring after polyelectrolyte
adsorption with Alexander—de Gennes (AdG) polymer brush
theory.‘”_“

Direct force measurements on microplastic particles covered
by an eco-corona have not been performed, let alone
measurements that compare particles prior and after eco-
corona formation. However, colloidal probe measurements in
the presence of humic acid®® or extracellular polymeric
substances** on polymer membranes showed a change in
adhesion forces compared to the plain membrane.

‘We carried out a systematic study on microplastic particles
covered with an eco-corona. Investigating the interaction of
microplastic particles with surrounding macromolecules is of
high importance. It was shown recently that eco-coronas
obtained from salt or fresh water environments lead to
different surface properties."”*" Since the marine environment
is assumed as one major sink of plastic pollution, we incubated
polystyrene microplastic particles in water of a marine
experimental setup.” In this study, single particle—particle
interaction forces were measured with CP-AFM from 10 pN to
several 10 nN with a vertical resolution of 20 pm and a lateral
resolution of 50 nm. This means that attractive or repulsive
forces occurring between the colloidal probe and microplastic
particles can be detected. Interaction forces are measurable
during approach and retraction of the probe from the sample
particle. To measure only mechanical repulsive interactions
with CP-AFM but in a realistic environment, we focused on
physiological salt concentrations. With this, we reveal the
changes induced by the eco-corona formation and describe
quantitatively the repulsive interactions using established
models for polymer (brush) surface layers. This work helps
to understand and describe the physical structure of the eco-
corona. It therefore gives a quantitative measure to improve
and implement well-controlled model systems for environ-
mental microplastic particles.

8749
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2. METHODS AND MATERIALS

2.1. Microplastic Particles and Pre-treatment Conditions.
The particles were incubated as described in Ramsperger et al.™ In
brief, 3 pm sized, spherical, non-functionalized polystyrene micro-
plastic particles (Micromod, Rostock, Germany, white particles,
micromer plain, Prod. Nr. 01-00-303) were incubated in saltwater to
allow the formation of an eco-corona. Therefore, 20 uL of the
polystyrene stock solution was given into a glass vial and 980 uL of
salt water was added. The salt water was taken from a highly
biodiverse coral reef aquarium with a salinity of 3.5% (Figure S1).
These conditions are comparable to that of oceans since the aquarium
is usually used to keep fishes. The water is not prone to seasonal
changes and is therefore a good marine model environment.
Consecutively, the salt water was exchanged with new media three
times per week via centrifugation (2000g, 20 min at room
temperature). This procedure was repeated for two weeks, and it
has been shown by Ramsperger et al. that biomolecules adsorb to the
particle surface.” Finally, the microplastic particles were investigated
with scanning electron microscopy (SEM) and CP-AEM.

2.2. Colloidal Probe-Atomic Force Microscopy (CP-AFM).
Direct force measurements were conducted with a MFP-3D Bio
(Asylum Research Inc., Santa Barbara, USA) mounted on an inverted
optical microscope (Axio Observer Z1, Zeiss, Oberkochen,
Germany). Before the measurements, tipless cantilevers (CSC37,
MikroMasch, Sofia, Bulgaria) were calibrated according to the thermal
noise method.”™"” Cantilevers had a spring constant of 0.24 and 0.28
N/m. To prepare colloidal probes, cantilevers were rinsed in Milli-Q
water, ethanol, Milli-Q water, and acetone and treated with air-plasma
for 10 min (SmartPlasma, plasma technology GmbH, Herrenberg-
Giilstein, Germany) before silica colloidal particles (nominal diameter
of 1.76 um, microParticles GmbH, Berlin, Germany) were attached to
the cantilevers with 2-component epoxy glue (UHU Plus Endfest,
UHU GmbH & Co. KG, Biihl/Baden, Germany). We preferred silica
over the microplastic as the probe so that one surface is very well-
defined, smooth, and homogeneous. These asymmetric measurements
allow us to account for single microplastic particle contributions to
the interaction force instead of the mean value of two interacting
microplastic particles. This makes silica a good probe for initial
experiments on an unknown and complex system like the eco-corona.

Microplastic particles were allowed to sediment onto glass slides in
fluid cells for 60 min. Prior to sedimentation, glass slides were cleaned
in an ultrasonic bath. During this, they were exposed to acetone, iso-
propanol, ethanol, ethanol:water, and water for 10 min each. In
between, the glasses were flushed with ultrapure water (Milli-Q_
Advantage A10). Eco-corona particles stick on the substrate without
prior modification of the substrate. For pristine microplastic particles,
the adhesion of the particles is not strong enough to ensure reliable
measurements. For this reason, a nanoscopic coating with bound
polydimethylsiloxane (PDMS) was applied to the glass to increase the
adhesion of the pristine particles on the substrate using the following
procedure. A precleaned glass slide was covered with 100 uL of § c5t
PDMS (Gelest Inc., Morrisville, USA) on a heating plate at 200 °C
for 3 min. Afterward, it was cleaned in an ultrasonic bath with acetone
and ethanol for 10 min each to remove residual PDMS. This surface
modification is an adapted version of Eifert et al.”™®™® After
sedimentation of the microplastic particles, the liquid cell of the
AFM was rinsed three times with 150 mM aqueous KCI solution.
Subsequently, CP-AFM measurements were performed with a tip
velocity of 300—400 nm/s at a scan rate of 0.5 Hz in 150 mM
aqueous KCI solution of pH 6—7. Deflection sensitivity was
determined by conducting measurements on the hard undeformable
glass slide and line fitting the slope in the constant compliance region.
Zero separation is consecutively defined as the regime where the
mean value of the slope is the same value as the predetermined
deflection sensitivity in the constant compliance regime. Three force
curves for each individual particle per sample were taken with no
significant change in the interaction profile and evaluated.

With CP-AFM, it is possible to measure interaction forces from
about 10 pN to several Newtons with a vertical resolution of 20 pm

https:.//doi.org/10.1021/acslangmuir, 1c03204
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and lateral resolution of 50 nm. CP-AFM works as follows (see Figure
1): with the help of a colloidal probe, in this case a silica sphere, glued

position sensitive

150 mM KCI

detector
laser
Cantilever
sample on J__x" — T :::;:ollmdal

substrate

Figure 1. Schematic setup of a colloidal probe-atomic force
microscope. The interaction of a silica colloidal probe and a
microplastic particle leads to deflection of the cantilever and is
position-sensitive detected by a laser. Attractive and repulsive contact
and non-contact forces are detectable.

to a cantilever, interaction forces are measured. Any attractive or
repulsive force between the colloidal probe and the sample deflects
the cantilever. The cantilever deflection is measured through a laser
beam focused on the back of the cantilever and reflected on a
quadrant photodiode for a sensitive position detection of the incident
laser light.

In force vs separation curves, positive force values indicate a
repulsive force between the colloidal probe and the sample and
negative force values correspond to an attraction. Zero separation is
defined at the incompressible contact of two hard materials, often
called the constant compliance regime. Forces are detected when the
colloidal probe is approaching the sample (approach curves) or when
the colloidal probe is retracted from the sample (retraction curve).
Approach curves give information about non-contact interaction like
van der Waals, electrostatic forces, and forces due to mechanical
deformation or steric repulsion. The retraction curves describe
additionally the adhesion between the colloidal probe and sample.

2.3. Estimating the Irrelevance of Electrostatic Interactions.
Salt water, which was used to incubate the eco-corona particles, has a
salinity of 35 %ec. This translates to a hypothetic KCl ion
concentration of 469 mM. Compared to the measurement solution
of 150 mM KCl, it is more than three times higher. We note, however,
that the scaling and mechanisms of Alexander—de Gennes theory are
independent for salt concentrations higher than 150 mM. At this level,
electrostatic interactions can be safely neglected according to Debye—
Hiickel theory.”'

Around a charged surface, the resulting electric field forms in an
electrolyte solution an electric double layer. The first layer is made up
of adsorbed ions oppositely charged to the surface. The second layer
consists of free ions diffusing in the vicinity of the charged surface, the

diffuse layer. The ion concentration in the diffuse layer decreases
exponentially away from the charged surface. The decay length of this
decrease is dependent on the ionic strength of the solution and is
described by the Debye length (eq 1).

_ II‘ g £k T
® \ 2Nyl (1)
Here, A, is the Debye length and describes the theoretical
electrostatic interaction range between CP and microplastic particle
in nanometer. The parameter £, and g are the relative and vacuum
permittivity, respectively. k,T is the thermal energy at lab temperature
(293 K), N, is the Avogadro constant, e is the elementary charge, and
I is the ionic strength in mol/L. The higher the ionic strength, the
lower the potential between the charged surface and the electrolyte
solution in equilibrium. Thus, the concentration gradient is smaller
and the diffuse layer shrinks in size. This translates into a smaller
Debye length. According to eq 1, the electrostatic interaction range of
the 150 mM KCl measurement solution is 0.8 nm. In the case of two
like charged surfaces, the Debye length is the theoretical length at
which electrostatic repulsive interactions can occur. However,
Debye—Hiickel theory is neglecting the finite ion size and the
hydration shell, which reduces the true Debye length even further.”’
Therefore, at an ion concentration of 150 mM, every electrostatic
interaction is screened and can be safely neglected at the length scales
we consider in this work.

2.4. Scanning Electron Microscopy (SEM). For both particle
types, pristine and particles coated with an eco-corona, 100 yL of a 50
mg/mL suspension was pipetted onto a glass coverslip (@ 12 mm,
Mengzel slides, Thermo Scientific). Both particle types were subjected
to an identical preparation procedure. The particles were fixed using
Karnovsky’s fixative (2% PFA and 2.5% glutaraldehyde in 1 x PBS)
prior to dehydration in an ethanol series (30%, 50%, 70%, 80%, and
90% for 30 min each, 95% and absolute ethanol for 1 h each). Then,
the samples were dried in hexamethyldisilazane (HMDS, Carl Roth
GmbH). The dry samples were placed on carbon conductive tabs (@
12 mm, Plano GmbH, Wetzlar, Germany) fixed to aluminum stubs
(@ 12 mm, Plano GmbH, Wetzlar, Germany). Subsequently, the
samples were coated with a 4 nm-thick platinum layer (208HR sputter
coater, Cressington, Watford, UK). They were analyzed with a
scanning electron microscope (FEI Apreo VolumeScope) at 5 kV
using an Everhart—Thornley detector.

3. RESULTS

3.1. Scanning Electron Microscopy (SEM). The SEM
images in Figure 2 show a clear difference between the pristine
particles (Figure 2A) and particles that were incubated in salt
water (Figure 2B). The pristine particles are monodisperse
with a homogeneous and smooth surface. The incubation of
these particles in salt water for 2 weeks leads to the formation
of an eco-corona. This eco-corona is heterogeneously

Figure 2. Comparison of the surface morphology of pristine polystyrene microplastic particles (A) and the same type of particles bearing an eco-
corona after incubation in salt water (B). Microplastic particles have a diameter of 3 ym.
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distributed over the surface of the particles. While some
particles are heavily covered, others only show slight coverage.

3.2. Direct Force Measurements with the Colloidal
Probe AFM. Direct force measurements were conducted in an
asymmetric fashion, meaning between silica, the colloidal
probe, and the microplastic particles. The experiment was
performed in a 150 mM aqueous KCI solution. Therefore,
contributions of electrostatic forces can be neglected as
explained in detail in Section 2.3 and only steric forces are
present.

The CP-AFM approach curves on pristine and incubated
particles differ substantially, as shown in Figure 3 (pristine

E
80 80
% Hard contact > A Hard contact B
s 60 l . | 60
3
& 40 o | 40
] .
E 20 Roughness & a0 | 20
E olf Surfactant N
g 0 10 20 0 40 50 0 10 0 30 40 50
i

Separation [nm] Separation [nm]

Figure 3. Normalized force vs separation curves between the silica
probe and pristine polystyrene particles (A) and between the silica
probe and particles covered with an eco-corona (B) at 150 mM KCI.
Approach curves show soft mechanical repulsion of the eco-corona in
(B). For pristine particles in (A), no additional interaction forces were
measured other than the one of the hard contact and roughness (RMS
= 1.27 nm). Colored numbers indicate the order in which particles
were measured.

microplastic particles (panel (A)) and eco-corona covered
particles (panel (B))). Force curves in panel (A) show typical
mechanical interaction of two hard materials, in this case, the
pristine polystyrene particle and the silica colloidal probe. The
repulsive force increases suddenly at low separation. After
deforming the pristine particles’ asperities (RMS roughness =
1.27 nm) and residues of surfactant from particle synthesis,
which has been shown elsewhere,'®* force curves reach the
constant compliance regime, ie, no further deformation is
done. RMS roughness was obtained by AFM imaging in air.
Three particles were measured in an area of 1 gm®. The mean
value of these measurements is presented. In contrast, the data
for eco-corona covered particles in graph Figure 3B looks very
different. Even at separations above 50 nm, there is already a
small repulsive force detectable (Figure 4). This repulsion
increases slowly during the further approach and will be
discussed in detail later on. Such a behavior is typical for
compressing a soft material and is therefore called soft
repulsion. In our case, the compression of the eco-corona is

[=3
[=1

0.1+ — T e —
0 40 80 120
Separation [nm]

Force/Effective Radius [mN/m]

Figure 4. Normalized force vs separation curves between silica probe
and various eco-corona particles at 150 mM KCL Black lines
correspond to an asymmetric Alexander—de Gennes fit at 293 K
Colored numbers indicate the order in which particles were measured.
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visible by the soft repulsion regime. In Figure 3B, only below
10 nm separation the repulsive force increases more rapidly
and eventually ends in the constant compliance regime of the
hard contact at 0 nm. In this process, the eco-corona gets more
and more compressed and finally the hard material of the
underlying polystyrene is dominating the interaction. No time-
dependent trends in the interaction behavior, like a
restructuring of the eco-corona, were observed over the
experimental duration of 5 h.

In comparison with Figure 3A, the force curves in Figure 3B
show more variations between the different particles. The
range and magnitude of the soft repulsion are different for
different particles. This can be explained by the general
heterogeneous appearance of the eco-corona-covered particles,
also shown in the SEM images in Figure 2. However, the force
curves can give clear information whether a particle is covered
with an eco-corona.

We find no systematic trend of the repulsive interactions
dominating the approach data for repeated measurements on
the same particles. This indicates elastic behavior of the eco-
corona. However, we find a decreasing attractive force (Figure
S3) during the approach of consecutive measured particles in
the beginning of the experiment. This agrees with the data
acquired on the retraction of the cantilever, which shows an
adhesion signature (Figure $4), which decreases with the
measurement on consecutive particles. This can be explained
by transfer of the eco-corona material to the probe particle,
which alters the particle—particle adhesion (see Figure S5), but
has only a negligible influence on the nanomechanical
properties of the particle—particle contact.

3.3. Repulsive Interactions of Eco-corona Particles:
Quantitative Description. The eco-corona is probably a
highly swollen biomolecular material that is physisorbed to the
particle surface. In polymer physical terms, this reflects more a
pseudo-brush with polymer chains randomly adsorbed to a
hard surface, as described by Guiselin and co-workers.*”** In a
similar system, Block and Helm observed that polyelectrolytes
adsorbed from solutions with high ionic strength can be
described by Alexander—de Gennes polymer brush
theory.”™*” The equivalence of the description of the pseudo
brush by Guiselin and the AdG model was actually shown
earlier for a certain range of separation.’” Polymer brushes and
pseudo-brushes share the anchoring of the polymer chains to a
surface. In the case of the eco-corona, the molecular structure
is probably not brush-like but rather unordered with some
chemical or physical cross-links in the material. We discuss this
in more detail later on. The AdG model has the advantage of
giving an analytical expression for the expected force—
separation curves. Thus, we compare the measured force
curves for the eco-corona to the prediction of the AdG model
in Figure 4.

The model by Alexander and de Gennes deals with polymer
brushes of different swelling and relies on scaling laws.”* It
only uses apparent quantities like the distance between two
grafting points and the overall thickness of the brush. The
interaction force is dependent on the separation between the
CP surface and the hard surface of the microplastic particle.
The brush thickness and grafting distance were obtained by the
fit. For other polymer brush models like the polymer brush
mean-field theory of Millner, Witten, and Cates” or the
polymer adsorption layer model by Guiselin,"*** molecular
weight or monomer size is necessary to describe the
interactions.

https://doi.org/10.1021/acs.Jangmuir, 103204
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The eco-corona however is not made up of a single
biomolecule with easily characterizable properties. Instead, it is
a variety of different proteins, polysaccharides, lipids, and
humic acids with no clear molecular structure.'”*"** A model
that does not need information in the molecular details of the
biomolecules in the eco-corona is therefore needed. AdG
fulfills this requirement.

To a first approximation, the colloidal probe is supposed to
have a bare surface, see below for a discussion of this
approximation. Consequently, the data was fitted with the
asymmetric AdG model proposed by O'Shea® for an
interaction of a polymer brush with a plain surface. Four
assumptions are made to describe the interaction in AdG
theory. (i) Brushes are end-grafted. This means that each
polymer chain is attached to the surface with only one point of
the chain, i.e, no loops or more complex structures play a role.
(ii) Brushes do not interpenetrate, which can be neglected for
the asymmetric case because there is only one brush. (iii) The
density profile of polymer chains within the brush is uniform
and is zero outside. This assumption translates in a
monodisperse distribution of molar masses of the polymers
in the brush. (iv) No electrostatic forces are present. Only
steric forces due to the fluctuations of the polymer are relevant.
Assumption (ii) is valid at the beginning of the measurements
and (iv) for the whole experiment. Due to the unknown
molecular structure of the eco-corona, we do not expect that
assumptions (i) and (iii) are fulfilled. However, these
assumptions might be effectively fulfilled,*** ie, deviations
from these assumptions may or may not influence the
interaction of the probe with the eco-corona.

The asymmetric AdG model considers two mechanisms to
describe the interaction of a polymer brush with an inert
surface. (i) Polymer chains stretch to avoid overlapping and
form brushes. (ii) Stretched polymers are an entropic spring
and store elastic energy. In equilibrium, both mechanisms
balance each other. When a second surface is approaching and
compressing the brush, the polymer concentration increases
and an osmotic repulsion arises. Contrary to that, entropic
elastic energy is released by chain relaxation. With the help of
the Derjaguin relation,”” the interaction force of the two
spheres was normalized to two planar surfaces (for D < L)..

—5/4 7/4
7[2] + 5[2] - 12
L L )

Here, R* is the reduced radius and describes the contact radius
between CP and the microplastic particle. The parameter s is
the (apparent) average grafting distance from one anchor point
of a polymer chain to the next, k;T is the thermal energy at lab
temperature (293 K), L is the (apparent) brush thickness, and
D is the separation between the two surfaces. We denote the
grafting distance and brush thickness as apparent parameters
because assumptions (i) and (iii) of the AdG model,
mentioned above, are not fulfilled. D is the separation given
by the AFM, whereby 0 nm separation is defined as the hard,
incompressible contact of the two surfaces. L is the separation
at the onset of the repulsive force. The only parameters to be
fitted are s and L. We fitted all curves seen in Figure 4 in the
normalized force range of 0.1—4 mN/m. The results are given
in Figure 5. The apparent brush thickness L is varying from 15
to 204 nm. These values do not reflect the true thickness of the
eco-corona but give an idea about the dimensions. This will be
discussed later on in more detail. The apparent grafting

Elsym(D) 55 4 kBTL
R* 355
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Figure 5. Obtained apparent parameters after applying the AdG fit to
force—separation curves. Increasing apparent grafting distance of the
eco-corona with apparent brush thickness. Thin films are more
compressed while thick ones are likely more hydrated. Fit scales with
S 05T

distance s is within the range of 4 to 18 nm. A mean grafting
distance of s = 8.9 nm was calculated, which corresponds to a
2

grafting density of 1/s* = 0.023 nm ™.

4. DISCUSSION

As depicted in Figure S, the apparent grafting distance and the
apparent brush thickness are not independent from each other
but strongly correlate with each other. Especially, the apparent
brush thickness is much higher than the apparent grafting
distance. Along the lines of the AdG model, this implies that
the assumed brush configuration is actually reflected in the
fitted parameters (s << L). Moreover, there seems to be a small
parameter corridor for possible apparent grafting distances in
dependence on the apparent brush thickness.

The overall image from these fits in Figure 4 is that the AdG
model is able to describe the repulsive interaction of an eco-
corona. Moreover, it is capable of characterizing eco-coronas
obtained from other environments like fresh water (Figure S6)
too. This observation requires however a further discussion of
the assumptions used in the AdG model. Here, we partially
adapt the arguments by Aubouy et al. to the adsorbed eco-
corona.®? Above, we identified two of the assumptions as not
obviously fulfilled: (i) Brushes are end-grafted. This criterion is
obviously not met. The physisorption of the water-soluble
biomolecules induces the attachment to the surface with more
than one point of the molecule chain. Others might only have
(chemical or physical) cross-links to physisorbed chains.
Hence, the conformation of the eco-corona is different to
that of a polymer brush. Interestingly, physisorbed block-
copolymers’' show grafting distances and brush thicknesses in
the same range as our eco-corona with the thinnest layers.
Polyelectrolyte multilayers of poly(styrene sulfonate) (PSS)
and poly(diallyldimethylammonium chloride) (PDADMAC)
were investigated by Mohamad et al.”> They obtained a mean
grafting distance of 43.2 nm and high brush thicknesses of
more than 100 nm at low ionic strengths. These examples
illustrate that the AdG model in fact can reproduce force—
separation curves for non-brush systems that are indeed in a
similar range to our values for the eco-corona. (ii) Brushes do
not interpenetrate. This assumption could be generally
neglected for the asymmetrical AAG model as there is only
one surface bearing an eco-corona that can act like a polymer
brush. In our case however, the asymmetrical model is the
better approximation, although we have shown in Figure S5
that biomolecules of the eco-corona attach to the CP during
the experiment. If the transferred material would have a similar
thickness as the eco-corona, the symmetric system should be

https:.//doi.org/10.1021/acslangmuir, 1c03204
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more appropriate as the two opposing surfaces are covered.
The fits, however, result in a better agreement of the
interaction profile with the asymmetric model. From this, we
conclude that the amount of eco-corona transferred to the CP
is not enough to affect the repulsive interaction. (iii) Uniform
density profile of the polymer chains within the brush. The
eco-corona is a natural and hence very heterogeneous system
as already discussed. It is likely made up of different
biomolecules with different moieties, molecular weights, and
conformations. Therefore, it is unlikely that the density profile
of the eco-corona is uniform and all biomolecule chains
protrude equally long into the solution. We attribute the
differences between the model and the measured data in
Figure 4 at low forces and high separation distances to a
decreased biomolecule concentration in this part of the eco-
corona. This non-constant biomolecule concentration can
cause differences between the actual thickness of the eco-
corona and the fitted apparent brush thickness. (iv) No
electrostatic forces are present. The measurements were
performed at 150 mM, and the electrostatic interactions are
therefore screened. Hence, only steric repulsion was observed.

In our study, apparent grafting distances s increased with the
apparent brush thickness L of the eco-corona by s~L"%"
(Figure 5). Thus, the intermolecular distance between
biomolecules increases at high brush thickness. In the
following, we derive simple scaling arguments that support
such a dependency. As already mentioned, biomolecules are
not end grafted to the surface but physisorbed with several
segments of the chain. They adsorb either directly to the
surface or bind more loosely to other biomolecules and form a
complex layer. With this increasing amount of loosely attached
molecules, the eco-corona becomes more compressible. This is
in agreement with the proposed model of the “hard” and “soft
protein corona” by Monopoli et al.”” The term “hard corona”
corresponds to the adsorption of biomolecules with high
surface affinity. These are supposed to bind strongly onto the
surface, which would result in a more rigid less compressible
shell. The soft corona is forming due to attachment of
biomolecules onto the pre-formed hard corona. They are more
loosely bound, which increases their apparent grafting distance
and build therefore a more compressible second shell around
the microplastic particles. Our data suggest a gradual transition
between the hard and soft corona.

For a polymer brush in a good solvent, Auroy et al™
determined the relation of
Ls¥* ~ M (3)

with L brush thickness, s grafting distance, and M molecular
weight. For brushes that are synthesized in a grafting-to
approach, Michalek et al.” experimentally obtained a more
accurate relation compared to the standard estimation of
grafting distance, which we simplify to

s~ M (4)
By inserting eq 3 into eq 4 and simplifying, we obtain
s~ LM (s)

This relationship shows that for polymer brushes synthe-
sized by grafting-to, s increases with L with an exponent of
0.75, in this simple model. For our data, we obtain a relation of
s~L*7, which follows roughly our simple argument. Addition-
ally, our experimental scaling s~L**" is surprisingly close to the
scaling observed by Block et al. for adsorbed polystyrene
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sulfonate layers (s~L%*%)."' That the scaling in eq § is not
more accurate is no surprise as this model also assumes the
molecules to be end-grafted instead of attached with more than
one point of the chain. In addition, Michalek et al. mentioned
that this scaling exponent will be slightly different for different
polymers and is more providing a range than an exact
exponent. However, assuming a grafting-to scaling shows a
similar relation between s and L and is hence a better approach
to describe the eco-corona scaling.

The AdG theory seems to be more capable than what it was
made for. Its scaling laws not only describe end-grafted
polymer brushes but also physisorbed polyelectrolyte (multi)-
layers™™**7*7® as well as adsorbed polymers.”" Polymer melts
have been also described by this model.” Scaling arguments
on pseudo brushes actually support this observation.”
Furthermore, we have shown that AdG theory is applicable
for even more complex systems like the eco-corona consisting
of well more than two different physisorbed biomolecules. The
model is very precise at intermediate separation. Deviations at
low and high separation are probably due to the assumption of
end-grafted and monodisperse polymers, respectively.

5. CONCLUSIONS

Here, we demonstrated with CP-AFM measurements that the
formation of the eco-corona on microplastic particles
introduces a compressible film, which changes the mechanical
behavior on the surface. This heterogeneous film is different
for individual particles. The eco-corona formation around
particles leads to the onset of long-range repulsive surface
interactions. We have shown that the Alexander—de Gennes
model can describe the separation dependency of these
interactions. This theory was originally developed to describe
the interaction of polymer brushes. However, the AdG model
has already been successfully applied to adsorbed polymer
layers.*”~**”" With this study, we extend the range of possible
applications to more complex systems. The eco-corona’s
essential physics of the long-range interactions can be captured
by an effective brush description. Using an apparent brush
thickness and apparent grafting distance, we have shown that
these model parameters scale with each other. Interestingly,
the effective brush parameters of the eco-corona are in a
similar range as found for adsorbed polyelectrolyte (multi)-
layers and polymers.*””*™® This suggests that polyelectrolyte
multilayer-coated microplastics can serve as model systems for
studying its interaction with cells. Polyelectrolyte multilayers
are applicable to different geometries and sizes.””*® They can
be tuned in their mechanics and surface charge enabling to
account effects to certain properties.

Furthermore, we have shown that with increasing eco-
corona thickness, the surface becomes more compressible. The
higher amount of loosely attached biomolecules leads to an
increased intermolecular distance. The compressibility is
expected to influence the particle—cell interactions and, as
Hartmann et al. demonstrated, cellular uptal(e.}2 The stiffness-
dependent uptake of microparticles potentially explains the
increased internalization of eco-corona particles found by
Ramsperger et al. too.’® However, it is not clear whether other
surface properties contribute to this effect as well. These results
make it even more important to shift the focus on realistic
microplastic samples covered by an eco-corona. It also
highlights the importance of characterizing the surface
properties of microplastic particles as they influence cellular

https:.//doi.org/10.1021/acslangmuir, 1c03204
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interactions, which may in turn be responsible for adverse
effects on environmental and human health.

The knowledge about polymer brush swelling behavior and
interaction with surfaces enables predictions about the
transport, bioavailability, and aggregation behavior of eco-
corona-covered microplastic particles. Polymer brush inter-
actions could be therefore used in a coarse-grained description
for the eco-corona and other complex systems. An effective
brush will facilitate modeling its impact with a much lower
computational cost than explicitly modeling polymer adsorp-
tion layers, opening the door toward larger system simulations.
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Supporting Information

1.1. Description of marine aquarium facility

The water samples were taken directly from the aquarium facility nearby the filtering system. Here
biofilms within the filter systems are present, ensuring the occurrence of microorganisms. Within the
marine aquarium facility different fish, coral, snail, Crustacea, and Echinodermata species as well as
variety of plant and unicellular eu- and prokaryotic organisms are present. We term this as highly
biodiverse. The facility is running for over 15 years and fish as well as invertebrates were either
exchanged with other research facilities or purchased. Hence, the exact number of species is not
known, however, it resembles a heathy coral reef (Figure S 1) and therefore hosts a highly diverse
community. The combination of the different species releases a variety of biomolecules through their
metabolism, which subsequently are available within the water sample. The attachment of
biomolecules on the microplastic particle surface after two weeks of incubation has been shown
recently (Ramsperger et al. 2020, Science Advances, 10.1126/sciadv.abd1211). However, the water
conditions are semi-stable since depending on the nutrition of the different species the released
biomolecules can vary over time, similar to seasonal changes in natural environments. Therefore, we
changed the incubation media three times a week during the incubation process, to allow a variety of
biomolecules being present within the incubation media. The aim was to simulate the exposure of very
small microplastic particle in a marine coral reef environment.
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Figure S 1 Images of the highly biodiverse marine aquarium facility for the incubation waters

Figure § 2 Image of the artificial freshwater pond. This water was used to incubate microplastic particles in Figure 5 6

1.2. Attractive forces of pristine and eco-corona particles

Force/Radius F/R mN/m

0 50 100 150 200
Separation nm

Figure S 3 Normalized approach curves of eco-corona particles reveal long range attractive forces for several particles at
150 mM KCI. Coloured numbers indicate in which order particles where measured. The attractive force was only visible for
three particles which were performed in the first half of the experiment
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Figure S 4 displays retraction curves of plain A and eco-corona covered microplastic particles B. Both
plain and eco-corona particles show a dependency of the adhesion with the number of particles
measured. The adhesion between CP and microplastic particles decreases in each case with the
number of measurements performed during the experiment. The consecutive measuring seems to
modify the surface of the CP by transferring molecules from the sample surface which results in less
attractive force during retraction. For plain particles in A presumably surfactant molecules, stabilizing
the particles in dispersion, are transferred. As long as the surface of the probe is not completely coated
attractive forces are abundant but vanish at complete coverage. The same holds true for eco-corona
particles. But instead of surfactant decreasing the adhesion biomolecules from the eco-corona now
adsorb to the surface of the CP. However, the tendency of the reduced adhesion is not as strict as it is
for the plain particles. This may be explained by the heterogeneity of the eco-corona seen in Figure 2B
which leads to different interactions with the CP depending on how the particles are covered with
biomolecules. In any case the transfer of surfactant does not lead to pronounced repulsive forces as it
does for the eco-corona shown in the approach curves in Figure 3. Thus, the number of transferred
molecules is marginal and alters attractive but not repulsive interaction.

Force/Radius F/R / mN/m

T T T -10 T T T
0 50 100 150 200 0 50 100 150 200
Separation nm Separation nm

Figure S 4 Normalized retraction curves of pristine particles A and eco-corona particles B at 150 mM KCl. Eco-corona
covered particles in B show decreasing adhesive forces with every particle measured. Pristine particles in A show also a
dependency of the number of measurements. Coloured numbers indicate in which order particles where measured.

A good example of increasing coverage of the CP is the first measured eco-corona covered particle
light blue curve in Figure 3B. This approach force curve looks similar to the approach force curves of
the pristine particles. However, when looking at the retraction curve of this very particle, Figure S 4B
light blue curve, it seems to have a characteristic adhesive interaction which is distinctive to any other
curve. Sudden jumps in this force curve to less negative values are probably due to pull-off events
which are accounted to the rupture of polymer chains from the particle surface or within the eco-
corona. These polymers attach to the colloidal probe and eventually cover it. During the experiment
the colloidal probe converts from a clean surface with adhesion Figure S 5A over a partially covered
with less adhesion to a fully eco-corona coated surface with barely any adhesion Figure S 5B. The
schematic conversion is also visible in Figure S 5C.
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2 um

clean partially fully
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) V@
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Figure 5 5 Colloidal probe before A and after the measurement of eco-corona particles B. Scheme of the conversion from
clean to fully covered colloidal probe after measurement of eco-corona particles in C. Colloidal Probe has a diameter of
1.76 um.

1.3. Repulsive interactions of freshwater eco-corona particles
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Figure S 6 Exemplary normalized force vs separation curves between silica probe and various eco-corona particles at 150
mM KCI. These eco-corona covered microplastic particles were obtained from incubation in freshwater. Salt and freshwater
incubated particles show he same scaling and mechanisms. Black lines correspond to asymmetric Alexander-de Gennes fit
at 293 K fitted in the range of 0.1 — 4 mN/m. Numbers indicate in which order particles were measured.

The experimental data from Figure S 6 was obtained from particle-particle measurements on
freshwater incubated particles. These microplastic particles are covered by an eco-corona and were
prepared and investigated in the same way as the particles incubated in salt water from the marine
aquarium. The freshwater used to incubate these particles was taken from an artificial pond (Figure S
2). Although the eco-corona is formed from biomolecules of a different media AdG theory is still able
to quantitatively describe the interactions.
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Cellular internalization pathways of environmentally exposed
microplastic particles: Phagocytosis or Macropinocytosis?
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Abstract

The contamination of the environment with microplastic particles is increasingly gaining scientific and
public attention due to their potential adverse effects on the environment, organisms and human health.
One potential risk from microplastic pollution is their uptake by various organisms, including humans, and
the subsequent particle translocation into tissues. The translocation of microplastic particles has been
suggested to occur via cellular internalization either para- or transcellulary. The transcellular pathway is more
likely to occur for particles in the micro-metre size range via macropinocytosis or phagocytosis.
Macropinocytosis is rather non-specific internalization mechanism, whereas phagocytosis is a precise
mechanism via ligand-teceptor interaction. Since plastic is described as an inert material, a low particle-cell
interaction and internalization may occur, probably mainly driven by electrostatic forces. However,
microplastic particles that occur in the environment are coated with different biomolecules forming an eco-
corona on the particles' surface, which could consequently lead to a specific interaction of the constituents
of the eco-corona with membrane receptors. To date, it was not investigated how strong microplastic
particles with and without an eco-corona bind to cellular membranes and which underlying mechanisms are
responsible for cellular internalization, Therefore, using a microfluidic microscopy platform, we investigated
the adhesion strength of 3um polystyrene microplastic particles to cellular membranes. We used microplastic
particles coated with an eco-corona derived from fresh- (FW) and salt water (SW) and compared those to
pristine microplastic particles (UW). Furthermore, we used functionalized microplastic particles with the
antibody immunoglobulin G (IgG) as an internal standard for high particle adhesion strengths and specific
phagocytosis internalization mechanism. We characterized the internalization mechanisms of the different
microplastic particles (IgG, FW, SW, UW) by inhibiting both phagocytosis and macropinocytosis (inhibitor:
Cytochalasin D and Amiloride) or phagocytosis (inhibitor: Amantadine). Additionally, we analyzed the
proteinaceous composition of two different eco-coronas (FW and SW) by liquid chromatography-mass
spectrometry/ mass spectrometry (LC-MS/MS) to unravel which proteinaceous components of the eco-
corona may contribute to the adhesion to cellular membranes and internalization mechanisms. We show
that the coating with an eco-corona significantly enhances the adhesion of the microplastic particles to
cellular membranes compared to pristine microplastic particles, irrespective of the origin of the eco-corona.
However, for the internalization mechanisms, we show that microplastic particles coated with an SW eco-
corona are mainly internalized via macropinocytosis, whereas the other particle types become internalized
via a combination of both the specific phagocytosis and non-specific macropinocytosis. Interestingly the
LC-MS/MS measurements revealed that the proteinaceous composition of the eco-coronas from FW and
SW are distinct, which could be one explanation for the different internalization mechanisms. Our results
help better understand how microplastic particles from the environment interact with cells and how the

particles may become internalized, leading to potentially adverse cffects.

Keywords: Microplastic, eco-corona, microfluidics, cellular internalization, particle-cell-interactions, LC-

MS/MS
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Introduction

Microplastic particles, synthetic polymeric particles smaller than 5mm (Arthur, Baker and Bamford, 2009),
arc ubiquitously found in all environmental compartments (Shahul Hamid e a/, 2018; Macleod e a/, 2021).
The overall abundance of microplastic particles comes along with the potential risk of particle uptake by
organisms, including humans. To date, numerous studies describe the uptake of microplastic particles from
various organisms, like zooplankton (Dris ef @/, 2015; Imhot ¢ al, 2017), mussels (Browne ¢f af, 2008;
Brehm e al, 2022; Ritschar ef a/., 2022) up to vertebrates (Puskic, Lavers and Bond, 2020). One risk that has
been intensively discussed is the translocation of microplastic particles from the primarily exposed organs,
like the gastrointestinal or respiratory tract, into other tissues (Wright and Kelly, 2017; Ramsperger ef ad.,
2023). In addition, an increasing number of studies show the presence of microplastic particles in tissue
samples of different organisms, including humans (Dong ef al., 2023; Ramsperger et al., 2023). However, to

date, how microplastic particles can translocate through biological barriers is not understood.

The translocation of particulate matter through biological barriers was suggested via cellular internalization
and subsequent particle transportation (Wright and Kelly, 2017; Ramsperger ¢ ak, 2023). The plasma
membrane is a cell's outer boundary, and the communication interface with its environment (Doherty and
McMahon, 2009). Once a cell encounters foreign particulate matter in the micrometre-size range, a potential
internalization can be subdivided into two steps. Within the first step, the surface of the particle interacts
with the cell either by binding to cellular receptors (Aderem and Underhill, 1999; Rohrbach ef al, 2020) or
by unspecific (e.g. electrostatic) interactions with the cell membrane (Forest, Cottier and Pourchez, 2015).
Subsequently, the particle can be internalized by various mechanisms. Among these mechanisms for
endocytosis, phagocytosis and macropinocytosis are the ones which are relevant for micron-sized particles
since the other mechanisms are restricted to particles in the lower nanometre size range (Doherty and
McMahon, 2009). Both phagocytosis and macropinocytosis are actin-dependent processes (Aderem and
Underhill, 1999; Canton, 2018). Filamentous actin is part of the cytoskeleton and regulates cell shape
changes during cell migration, proliferation and endocytic processes (Greenberg, Burridge and Silverstein,
1990; Schmidt and Hall, 1998; Stricker, Falzone and Gardel, 2010). Phagocytosis is initiated by the
interaction of ligands on the surface of a particle with specific receptors on the cellular membrane (Aderem
and Underhill, 1999). Through this direct interaction of a ligand with, for example, the Fe receptors, a tight-
fitting sleeve around a particle is formed (Irmscher ef 4/, 2013), differentiating it from the more loosely
attached membrane of a macropinosome (Kerr and Teasdale, 2009). Macropinocytosis can either be
performed constitutively for nutrient acquisition in cells of the innate immune system (Swanson ¢f al, 1995;
Canton, 2018) or can be induced via different growth factors. The process of macropinocytosis is defined
as a global increase in actin polymerization at the cell surface and consequently forming membrane ruffles
(Kerr and Teasdale, 2009). If a particle interacts with a cell membrane via electrostatic forces, it could

therefore be internalized accidentally via the unspecific process of macropinocytosis.

In literature, there is rising evidence that microplastic particles can interact with cells and subsequently

become internalized (e.g. Stock e /, 2019, 2021; Ramsperger ¢ a/, 2020, 2021). However, to date, whether
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the internalization process occurs via phagocytosis or macropinocytosis is not understood. In a previous
study, we showed that pristine microplastic particles, described as inert materials, only occasionally interact
with cells of the innate immune system and become internalized (Ramsperger ef ai, 2020), suggesting the
process of macropinocytosis. However, microplastic particles occurring in the environment we are exposed
to are not pristine but coated with biomolecules from their surrounding environment, forming an eco-
corona. An eco-corona can consist of biomolecules like amino acids, lipids or proteins (Galloway, Cole and
Lewis, 2017, Ramsperger et al., 2020), which coating changes their physico-chemical properties, making the
particles softer compared to pristine particles (Witzmann e¢f o/, 2022). Furthermore, the coating with an eco-
corona leads to an enhanced number of particle-cell interactions and internalization, indicating that the
mechanisms of particle adhesion and subsequent internalization are different from pristine particles without
an eco-corona (Ramsperger e al, 2020). However, to date, it was not investigated how pristine and
microplastic particles coated with an eco-corona interact with cellular membranes and whether there are

differences in the mechanism of internalization due to the biomolecules present in an eco-corona.

Therefore, using a microfluidic microscopy platform, we investigated the binding strength of microplastic
particles with and without eco-corona to cellular membranes. In order to assess which mechanisms are
responsible for the internalization of eco-corona-coated microplastic particles, we inhibited the most likely
occurting internalization mechanisms, namely phagocytosis and macropinocytosis and compared the
cellular internalization efficiency to untreated cells. Furthermore, we analyzed the components of the eco-
corona with liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) to understand
better the mechanisms of particle binding to cellular membranes and subsequent cellular internalization.
With our study, we aim to understand which components of an eco-corona may induce the binding of a
particle to cellular membranes, how strong this binding occurs and if an eco-corona influence the

internalization mechanism.

Materials & Methods
Cell line and cell culture conditions

Murine macrophage J774A.1 cells (DSMZ, Braunschweig, Germany) were cultured as described previously
(Ramsperger ¢/ al, 2020; Berghoft e al, 2021; Ramsperger e/ al, 2021). In brief, cells were cultured in
Dulbecco's Modified Eagle's Medium (DMEM, Lonza Group Litd, Basel, Switzerland), supplemented with
10 % v/v FCS (Sigma Aldrich, St. Louis, USA) and 100 U/mL penicillin/streptomycin (Lonza Group Ltd,
Basel, Switzerland) in T-25 culture flasks (CORNING, New York, USA) under standard cell culwure

conditions (37 °C, 5 % CO2, humidified) and passaged three times per week. Before the experiments, the

cells were scraped off, centrifuged (200xg, 2 minutes) and resuspended with 5 mL cell culture media.
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Microplastic particles and pre-treatment conditions

Plain, non-fluorescent, white monodisperse polystyrene spheres (microplastic particles) with a diameter of
3 um (MICROMOD, Rostock, Germany, white particles, micromer® plain, Prod.-Nr.: 01-00-303) were
exposed to the corresponding environmental media as described in Ramsperger et al. (2020). In brief, the
microplastic particles were incubated for two weeks in fresh- or salt water or in ultrapure water (Veolia pure
lab flex, Veolia, Celle, Germany, and Milli-Q, MERCK MILLIPORE, Darmstadt, Germany). The
incubation in ultrapure water was carried out to provide pristine microplastic particles. 100 ul. of
microplastic particle stock solution (50 mg ml-1) was added to 900 uL. of the corresponding water sample
(fresh-, salt or ultrapure water) in a glass vial (autosampler vials, 1.2 mL, neoLab, Heidelberg, Germany). To
ensure vital microbial communities, the corresponding fresh- or salt water samples were changed three times
per week by centrifugation (2000Xg, 20 minutes, room temperature), and 900 pl. of supernatant was
replaced by the same amount of new corresponding water samples. The same procedure was performed for
the ultrapure water treatment. Before adding the ultrapure water, it was filtered (Whatman Puradisc syringe
filter, 0.2 pm, GE Healthcare, Freiburg, Germany) under sterile conditions. To prevent aggregation of the
microplastic particles by sedimentation, all samples were placed on a shaker (100 rpm at room temperature).
Although we did not add surfactant to avoid aggregation of the microplastic particles, only occasionally
aggregates were found in all samples. For the positive control, IgG antibodies (native immunoglobulin G
primary antibodies from mouse serum; MERCK MILLIPORE, Darmstadt, Germany) were passively
adsorbed onto carboxylated microplastic particles (MICROMOD, Rostock, Germany, white particles,
micromer® COOH, Prod.-Nr.: 01-02-303) according to the protocol described by Keller et al.( 2017).
Opsonization was verified by antibody-antibody labelling with goat anti-Mouse IgG cross-adsorbed
fluorescent secondary antibody (Dy-Light 488, THERMO SCIENTIFIC). Before adding the particles to
the cells, the concentration of all microplastic particle samples was determined using a haemocytometer

(Neubauer improved, Brand, Wertheim, Germany) to ensure comparable particle concentrations.
Scanning electron microscopy

As described above, cells were prepared on coverslips in 12-well plates the day before experiments. The
cells were counted using a haemocytometer (Neubauer improved, Brand, Wertheim, Germany), 100,000
cells per ml were seeded on microscope coverslips (diameter: 18 mm, #1, MENZEL GILAESER,
Braunschweig, Germany) in 12-well plates (CellStar, GREINER BIO-ONE, Frickenhausen, Germany) in
1 mL of cell culture medium and allowed to adhere onto the coverslips under standard cell culture conditions
(37 °C, 5 % CO2, humidified) overnight. On the following day, 10¢ microplastic particles (10 particles per
cell) of the corresponding treatment (fresh- or salt water) were added and left to settle for one hour in ice.
Afterwards, the cells were transferred to cell culture conditions for two hours to allow internalization.
Subsequently, the cells were fixed using Karnovsky's reagent (12 % v/v paraformaldchyde, 8 % v/v
glutaraldehyde in 0.1 M buffer) for 1 h at room temperature. Cells were washed three times with ultrapure
water and afterwards dehydrated using an ethanol series 30 % (3x 15min at 4°C), 50 % (3x 15min at 4°C),

70 % (3x 15min at -20°C) for 90 min (3x 15min at -20°C), absolute ethanol (3x 20min at -20°C) and
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Hexamethyldisilazane (2x 10Min at room temperature) and let dry overnight in a desiccator. The air-dried
samples were sputtered with 2nm platinum and microscopy was performed using SEM (FEI Apreo
Volumescope, Thermo Fisher Scientific, magnification 5000-6500, 5 kV, Everhart-Thornley detector;

Figure 1&2).

Microfluidic microscopy platform — Relative attachment of the particles to cellular membranes

Custom-built perfusion chambers were used to quantify the adhesion strength between microplastic
particles and cclls. A high precision linear stage (L511.20DG10, Physik Instrumente, Karlstuhe, Germany)
was used to drive the piston of a syringe (R = 6.135 mm) with a controlled motor velocity vy,. to control

the flow rate in the system, which is given as
= 2
Q =mR* v,

Flow chambers were built from a plastics top part (sticky-Slide I Luer, nominal channel height 0.1 mm,
nominal width 5 mm, nominal length 48 mm, ibidi GmbH, Grifelfing, Germany), which was coupled to a
glass coverslip (24 mm x 60 mm, #1, Menzel Gliser, Thermo Fisher Scientific Inc., Waltham, MA) with a
thin film of epoxy resin one day before the experiments. The chambers used during the experiments had a
typical height in the range between 150 and 200pum. Thus, for every channel, the height profile was measured
independently before the. The perfusion chamber was connected to the syringe via a tubing system, in which
check valves (RVMINI-32, Piper Filter GmbH, Zwischenahn, Germany) were used to ensure the flow
direction stays the same after the motor reverses its direction. We assembled an extra tubing system for each
type of microplastic particle to avoid cross-contamination between the treatments. Into each flow chamber,
200uL. of cell suspension was added and allowed to settle and attach to the bottom of the coverslip of the
flow chamber under standard culture conditions for 1h. All microfluidic experiments were performed in
imaging medium (Minimum Essential Medium, (Thermo Fisher Scientific Inc.) supplemented with 5 %
HEPES (Thermo Fisher Scientific Inc.) as a pH buffer and 1 % penicillin-streptomycin. The medium was
pre-warmed at 37 °C overnight to free it from dissolved gas and avoid bubble formation during the
experiments. The microparticles were added to the microfluidic system and were briefly dispersed in the

microfluidic system right before the first experiment.

Live cell imaging was performed on an inverted, motorized microscope (Nikon Eclipse Ti, Nikon, Tokyo,
Japan) with a 10x objective (CFI Plan Fluor DL 10x, Nikon, NA = 0.3), which was equipped with a CCD
camera (pco.pixelfly USB, PCO AG, Kehlheim, Germany). The microscope body was enclosed in a custom-
built incubation chamber, which kept the body of the microscope and the sample at a temperature of 37°C,
The stage motor and the camera were controlled with a custom-written MATLAB program (MATLAB
2019b, The MathWorks Inc, Natick, MA), which set the motor velocity according to the channel geometry

and the desired force exerted on the particles during the experiments.

Next, the channel with the cells was connected to the microfluidic system. With a low flow rate of 9 ulL s,

microplastic particles were flushed into the channel. Subsequently, the flow was turned off for 10 min to
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allow the particles to sediment and attach to the cells. After the sedimentation phase, the flow was turned
on with a high flow rate, which induced a 50 pN hydrodynamic drag force on the particles attached to cells
and the coverslip. This rupture phase was continued for 30 s. During the measurement (sedimentation phase

and rupture phase), images were acquired with a frame rate of 1 fps and an exposure time of 10 ms.

Confocal excperiments — Inbibition of internalization mechanisns

The cells were prepared as reported in Ramsperger et al. (2020), with slight modifications described in the
following: 50,000 cells per mL were seeded on microscope coverslips in 12-well plates in 1 mL of cell culture
medium. The cells were allowed to adhere onto the coverslips under standard cell culture conditions
overnight. To analyze the internalization mechanisms for microplastic particle cellular internalization the
cells were prepared the same way, with the cell culture medium replaced by cell culture medium containing
the respective inhibitor (Cytochalasin D, Amiloride or Amantadine). The concentrations of the inhibitors
were chosen as described in the literature (Garcia Gil and Sanchez Crespo, 1983; Koivusalo ef al, 2010,
Gould, Min and Day, 2011). Cytochalasin D was used to inhibit actin-dependent endocytosis in general
(2 uM, diluted in DMEM), Amiloride was described to inhibit macropinocytosis by preventing the process
of membrane ruffling (130 uM, diluted in DMEM) and Amantadine was used to inhibit receptor-mediated
endocytosis (100 uM, diluted in DMEM). However, Amiloride was described to not specifically inhibit
membrane ruffling, but the polymerization of actin filaments (Lagana ez @/, 2000) and must therefore be

seen as an equivalent inhibitor to Cytochalasin D.

The cells treated with the corresponding inhibitor and the control cells without inhibitor were incubated for
30 min under cell culture conditions. Then, 150,000 microplastic particles pre-treated with fresh-, salt- or
ultrapure water or IgG-opsonized microplastic particles were added. The cells were placed on ice for one
hour to reduce cellular activity during the particle sedimentation. Three coverslips for each microplastic
particle treatment and inhibitor/control treatment combination were prepared, vielding a total of 48
coverslips. After one hour of microplastic particle sedimentation, the well plates were incubated under cell
culture conditions for two hours to allow cellular internalization of the particles. Then, the cells were fixed
with 4 % PFA (SIGMA-ALDRICH, St. Louis, Missouri) for 20 min on ice and subsequently labelled with
Alexa Fluor Phalloidin 488 (Invitrogen, Carlsbad, USA) and dilution buffer, consisting of 98.7 % PBS,
including 0.3 % Triton and 1 % bovine serum albumin (BSA, APPLICHEM, Darmstadt, Germany) to a

final concentration of 1: 25 for 25 min.

Quantification of particle-cell-interactions

The procedure was adapted from Ramsperger et al. (2020). To determine the total number of particle-cell-
interactions on each coverslip, five randomly chosen region of interest (ROIs, 0.10 mm?) were selected and
imaged by using a DMI 6000 microscope (LEICA, Wetzlar, Germany, HCX PL APO 63 %/1.30 oil
objective) including a spinning disc unit (CSU-X1, YOKOGAWA, Musashino, Japan) with an EMCCD
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camera (Evolve 512, PHOTOMETRICS, Tucson, Arizona, including an additional 1.2X magnification
lens). A differential interference contrast (DIC) microscopy image was acquired to quantify the particle-cell-
interactions within the ROIs using the Fiji Image] cell counter software. Additionally, confocal stacks of
fluorescently labelled cells were acquired using a 488 nm laser (50 mW, Sapphire 488, COHERENT, Santa
Clara, California) at a spinning disc speed of 5000 rpm to excite fluorescence. Axial stacks of the cells were
acquited with a vertical distance of 0.2 um, which is sufficient to oversample the image given the axial
resolution of the microscope (Jonkman e a/, 2003). The confocal stacks were used to calculate the area
covered by cells within an ROl The area covered by cells was detected using both the DIC and the

fluorescence channel simultaneously to obtain robust results.
Ounantification of internalized microplastic particles

From the same samples used to quantify the number of particle-cell-interactions and the areas covered with
cells on coverslips, we visually screened each sample for single particle-cell-interactions to distinguish
between particles that were only attached to cells and particles that were completely internalized. The same
DMI 6000 microscope, including a spinning disc unit with a higher magnification (100X /1.40 oil objective),
was used. Beginning from a randomly defined starting point, the coverslips were screened in the DIC-
channel until 100 to 110 particle-cell-interactions were detected, or the whole coverslip was screened
entirely. Once a particle-cell-interaction was found, a DIC-image was taken, and axial stacks of fluorescently
labelled cells were acquired (vertical distance of the axial stacks: 0.2 um). To evaluate the internalization of
the microplastic particles, each confocal stack of cells with labelled actin filaments was analyzed with Fiji
Image] (version: 2.0.0-rc-54/1.51h 2016-09-08) orthogonal views. The microplastic particles used in the
experiments were not fluorescent and were not directly visible in the confocal stacks. DIC images were used
to mark the particle positions (using the ROI manager in Fiji Image]). These positions were then transferred
to the confocal stacks, in which internalized particles were visible as spherical black regions within the actin
network. Only microplastic particles that were entirely surrounded by actin filaments were considered to be
internalized. Microplastic particles that were only partly surrounded were considered to be attached to cell

membranes (Figure 1).
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Figure 1: Illustration of the differentiation in particle-cell-interactions (PCls) and attached or
internalized microplastic particles. (a) Example of J77A.1 murine macrophage cells without
internalization inhibitor and microplastic particles incubated in SW. The DIC images were used to localize
microplastic particles within the DIC images (a) and within the confocal z-stacks (b). The filamentous actin
was fluorescently labelled and orthogonal views (XZ and YZ) allowed the differentation between
microplastic particles that are attached (vellow circle) to the cells and microplastic particles that are
internalized (blue circle) microplastic particles. Internalized particles are completely surrounded by
filamentous actin. (c,d) Scanning electron microscopy images of J774A.1 murine macrophages incubated
with 3um sized microplastic particles coated with an ecocorona from FW (c) and SW (d). Yellow arrows
indicate particles that are only attached to cells and blue arrows indicate internalized microplastic particles;
scale bar: 20um.

Combination and standardization of the results

The number of particle-cell-interactions was extrapolated to a whole coverslip (245.50 mm?). As the areas
on the coverslips covered by cells differ slightly between replicates and treatment-inhibitor-combinations

each coverslip was standardized as described in Ramsperger et al. (2020).

Statistical Analysis

Statistical analysis was conducted using R studio software (Version 1.0.143). The data for the relative
attachment, particle-cell-interactions, and internalized microplastic particles were tested for normal
distribution (Shapiro-Wilk test) and homogeneity of variances (Levene test). For the relative attachment, the
assumptions for an ANOVA with a Tukey post-hoc test were met, whereas for the particle-cell-interactions
and number of internalized particles, a Kruskal-Wallis test with a Games Howell post hoc test (p-adjust

method for multiple nesting: Bonferroni Holm) was conducted.
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Eco-corona analysis — Proteome and LC-MS/MS

For proteome analysis, 500ul of incubated microplastic particles were centrifuged for 15 min (4°C, 500 rcf).
Supernatant was removed and 50 ul of 2 x Laemmli buffer (0.25 M Ttis-HCL; pH 6.8, 40 % (v/v) Glycerol,
8 % (v/v) SDS, 0.4 % (v/v) 1 % bromphenol blue) were added to the particles, vortexed shortly, incubated
at 95°C (5 min) and centrifuged for 5 min (20,000 rcf). Samples were then transferred onto a NuPAGE 4-
12% Bis-Tris Gel (Invitrogen, USA). Gels were run for 4 min at 200 V. Gels were stained overnight using
Roti Blue staining solution (Roth, Germany). Protein-containing areas were excised, destained and washed
with 50mM NHsHCO:. Supernatant was discarded, samples were reduced with 45 mM DTE (30 min, 55°C)
and subsequenty alkylated with 100 mM iodoacetamide in the dark at room temperature. Gel pieces were
washed and a sequental in-gel digestion was performed. First with Lys-C (4 h, 37 °C, Lysyl Endopeptidase,
Mass Spectrometry Grade (FUJIFILM Wako Pure Chemical Corporation, USA)) followed by trypsin (17 h,
37 °C, 200 ng trypsin (sequencing grade modified trypsin, Promega, Germany)). Supernatants were
collected, and peptides were extracted using 70% acetonitrile (ACN). Collected supernatants were pooled

and dried using a vacuum centrifuge (Vacuum concentrator, Bachofer, Germany).

Samples were dissolved in 15 pl solvent A (0.1% formic acid), loaded on a trap column (PEP-Map100 C18,
75um x 2cm, 3 pm particles (Thermo Fisher Scientific, U.S.A)) and separated on a reversed-phase column
(PepMap RSLC C18, 75 um % 50 cm, 2 pm particles, Thermo Scientific, U.S.A) at a flow rate of 250 nl/min
with a 30-min gradient of 3-25% solvent B followed by 5-min increase to 40%. Solvent B consisted of 0.1 %
formic acid in ACN. After separation, the column was washed with 85% solvent B for 10-min. MS/MS
analysis was performed with a Q Exactive HF-X mass spectrometer (Thermo Scientific, U.S.A). The data-
dependent acquisition method consisted of cycles of one MS scan with a mass range of m/z 300-1600 at a

resolution of 60000, followed by a maximum of 15 MS/MS scans at a resolution of 15000,

Spectra were searched with MASCOT V2.6.2 (Matrix Science Limited, UK) (Perkins et al., 1999). The
MS/MS data was searched against two different databases. In one case we used a bacteria subset of the
NCBIprot database (updated: Nov 2020), in the other a compiled algae database downloaded from NCBI
(March 2022). In both cases an additional common contaminant database (from MaxQuant) was used.
Identified proteins were filtered for and FDR < 1% and a minimum number of 2 peptides. An emPAI
quantification (Ishihama et al., 2005) was done in Scaffold (version Scaffold_4.10.0, Proteome Software
Inc., Portland, USA) and only proteins with a protein identification rate higher than 95% were further
analyzed. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium  (http:/ /proteomecentral.proteomexchange.org) via the PRIDE partner repository (Perez-

Riverol et al., 2019).

For protein quantity estimations, all peaks in the total ion chromatogram (T1C) were integrated and areas
calculated using the Excalibur Qual Browser (Thermo Fisher Scientific, U.S.A). Tortal areas were corrected
by subtracting the peak areas of a blank run without sample. The ratios between protein amounts from the

1gG preparation and the samples were calculated.
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Results

Particle-cell adhesion strength, particle-cell-interactions and particle internalization

To understand the first interaction of microplastic particles with cellular membranes we treated the cells for
10 min with the particles and used a microfluidic device to define the adhesion of the particles to cells.
Furthermore, we investigated the number of particle-cell interactions and subsequent internalization within

two hour incubation.

Our results show that microplastic particles that were incubated in either FW or SW were coated with an
eco-corona (Figure 2) leading to a significantly increased cell adhesion, particle-cell interaction and number

of internalized patticles by cells (p < 0.001).

Figure 2: Scanning electron microscopy images of 3 pm sized microplastic particles with different
treatments. Microplastic particles coated with an eco-corona due to FW (2) or SW incubation (b) and
particles without an eco-corona due to incubation in UW (c). Both particles coated with an eco-corona show
deposits on the initially smooth surface; scale bar: 1pum.

The cell adhesion, particle-cell interaction and number of internalized functionalized particles coated with
immunoglobulin G (IgG) was significantly higher compared to the eco-corona coated particles and their
pristine counterparts (p < 0.001; Figure 3 & 4). Although there was a slightly higher adhesion of microplastic
particles coated with an eco-corona from FW (rel. attachment: 0.41 20.05) compared to SW (rel. attachment:
0.36 £0.03), there was no significant difference (p > 0.05) between the adhesion of particles coated with the

different eco-coronas after 10 min treatment.
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Figure 3: Adhesion of microplastic particles to cells. Shown is the percentage of particles (rel.
attachment) that remain attached to untreated cells after experiencing a microfluidic shear force of 50 pN
for 30 s. IgG = microplastic particles opsonized with immunoglobulin G (positive control),
FW = microplastic particles incubated for two wecks in freshwater, SW = microplastic particles incubated
for two weeks in saltwater and UW = microplastic particles incubated for two weeks in ultrapure water
(** = p = 0.001;numbers indicate means * se).

However, the number of particle-cell interactions and internalized microplastic particles differed
significantly between FW and SW (p < 0.001). Our results give first insights that the initial adhesion between
a cell and a particle (within less than 10min) is probably mainly driven by the particles physical properties
such as coatings and roughness, whereas the particle-cell interaction and the subsequent internalization is

driven by the biological identity of the particles' surface.
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Figure 4: Number of particle-cell-interactions (PCI) and number of internalized microplastic
particles for untreated cells (cells without internalization inhibitors)internalization. IgG =
microplastic particles opsonized with immunoglobulin G (positive control), FW = microplastic particles
incubated for two weeks in freshwater, SW = microplastic particles incubated for two weeks in saltwater
and UW = microplastic particles incubated tor two weeks in ultrapure water (no ecocorona, negative
control). Since the data spans more than three orders of magnitude, the ordinate is scaled logarithmically.
Each microplastic particle type differs highly significant in PCIs and number of internalized particles from
the other particle types (*** = p = 0.001, numbers indicate means T se).
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Internalization mechanisms

To better understand how particles coated with an eco-corona become internalized by cells, we inhibited
the most common internalization mechanisms involved for the used size class of particles. We inhibited all
actin-dependent endocytosis mechanisms using Cytochalasin D and Amiloride and receptor-mediated
internalization mechanisms by using Amantadine. Cytochalasin D, as well as Amiloride, significantly
(p < 0.001) inhibited the internalization for all particle types compared to their corresponding control
(Figure 5). The treatment with Amantadine to inhibit receptor-mediated endocytosis was not sufficient to
inhibit the internalization of particles coated with an eco-corona from SW, but significantly (IgG/FW:
p <0.001; UW: p <0.01) inhibited the internalization of all other particle types compared to the

corresponding controls.

100+ Cytochalasin D
0 Amiloride
90+ B Amantadine

o«
o

70-
60-
501

40

Internalization efficiency [%]

Figure 5: Internalization efficiency after drug treatment compared to control (100% = control). For
cach particle type a cortesponding control without inhibiting the internalization mechanisms was conducted.
IgG = microplastic particles opsonized with immunoglobulin G (positve control), FW = microplastic
particles incubated for two weeks in freshwater, SW = microplastic particles incubated for two weeks in
saltwater and UW = microplastic particles incubated for two weeks in ultrapure water (no ecocorona,
negative control). Cytochalasin D and Amiloride significantly inhibited the internalization for all
microplastic particle types compared to their corresponding controls (*** = p = 0.001). Amantadine
significantly inhibited the internalization of IgG, FW (*#* = p = 0.001) and UW (** = p = 0.01) but not for
microplastic particles incubated in saltwater (ns= p = 0.05, all numbers indicate means * se).

Eco-corona analysis

Since we found differences in the internalization mechanisms of particles coated with eco-coronas of
different origins, we further characterized the eco-corona with scanning electron microscopy (SEM) and
LC-MS/MS. The SEM images clearly show that particles coated with an eco-corona have deposits on their
surface compared to the very smooth surface of the particles without an eco-corona (Fig. 2). Since SEM
does not allow in-depth characterization of the composition of an eco-corona, we used LC-MS/MS to

unravel potentially different protein compositions within the eco-coronas. Overall, the protein content in
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both FW and SW derived eco-coronas, were comparably low to the particles opsonized with a homogenous
coating of IgG, which was on average 2.8 times higher. However, the composition of proteins in FW or SW
eco-coronas was distinct from each other. After excluding the overall contamination found on the particles
without an eco-corona, none of the proteins found in an FW derived eco-corona were present in an SW

eco-corona and vice versa.

Common contaminants, such as human keratin, were detected in all sample types. This is not surprising
since this type of contaminants are typically detected by highly sensitive LC-MS/MS analysis in all types of
plastic ware (Frankenfield e @/, 2022). Furthermore we identified the bacterial protein "chaperonin GroEL",
from different bacterial taxa, in all sample types (FW, SW and UW). Interestingly, in FW and UW, GroEL
from the genus Ralstonia was identified. Ralstonia is known to be a common contaminant in laboratory kits
or reagents (e.g. DNA extraction kits) (Salter ef al, 2014), and therefore can be excluded to originate from
the eco-corona. Besides peptides of contaminants also peptides from bacteria and algae were unambiguously
identified. Strikingly, the most proteins were identified in the SW incubated samples (71 unique peptides for
bacteria, 28 unique peptides for algae) which could be assigned to 19 bacterial proteins and 13 algae proteins,
respectively. From the algae database, nearly all identified proteins were annotated as "unnamed protein
product” and not to specific protein classes, characteristic for these types of organisms. Furthermore, we
identified several proteins for the genus Marivita in the SW samples. The genus Marivita belongs to the
Roscobacter clade (within the Rhodobacteraceae family), which represent some of the most abundant
organisms in the oceanic environment and is also known to play key roles in many marine biochemical
processes (R. Budinoff e/ al, 2011; Pujalte ¢/ al,, 2014; Bentzon-Tilia and Gram, 2017). However, due to the
fact that the databases, which are needed to identify proteins from MS/MS experiments, lack sequences
from the broad majority of FW and SW microorganisms, an in-depth analysis including the identification
of further peptides/proteins and the assignment of proper taxa is error prone and, in this case, not

expedient.

Discussion

Here we show that microplastic particles coated with an eco-corona have a stronger adhesion to cells, a
higher number of particle-cell interactions, and subsequently become more often internalized than particles
without an eco-corona in agreement with our previous observations (Ramsperger ef af, 2020). Furthermore,
by analyzing the proteinaceous components of an eco-corona and inhibiting the most common
internalization mechanisms for 3 pm sized particles, we shed some light on the underlying mechanisms of

the interactions of cells with microplastic particles coated with an eco-corona.

When a particle encounters a cell, it can bind to the cellular membrane. This binding can depend on the
biological identity of a particle initiating receptor-mediated interactions and the physico-chemical properties
of a particle initiating the interaction via electrostatic forces (Horest, Cottier and Pourchez, 2015; Ramsperger

et al., 2021). The physico-chemical properties of patticles determine not only their interaction with cells but
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also their interaction with the surrounding environment in general. Only the environment, namely FW and
SW, differs between treatments in our experimental eco-corona setup. Our LC-MS/MS results show that
the proteinaceous composition of the eco-corona on particles incubated either in FW or SW is distinct from
cach other. However, the most prominent kinds of proteins found in both eco-coronas are associated with
prokaryotic cellular membranes. Macrophages represent the forefront of the innate immune defence against
foreign particulate marter such as bacterial invaders (Weiss and Schaible, 2015). Therefore, we conclude that
the bacterial membrane-associated proteins are one driver for the enhanced relative attachment of particles
to macrophages, the higher number of particle-cell-interactions and subsequently, the higher number of

internalized particles coated with an eco-corona.

An eco-corona could change the biological propertics of a microplastic particle in such a way that some
proteins of the eco-corona may expose ligands that can be recognized by membrane receptors facilitating
particle internalization (Forest, Cottier and Pourchez, 2015). However, many membrane receptors have dual
functions like the mediation of the particle attachment as well as the particle internalization. Those adhesion
and internalization receptors can also activate and inhibit each other's functons (Aderem and Underhill,
1999). Therefore, the proteinaceous components of the eco-corona can alter the particles' adhesion to cells
and their internalization. We show that microplastic particles coated with an eco-corona derived from SW
most likely become internalized accidentally via macropinocytosis, not phagocytosis. Particulate
internalization via macropinocytosis is not initiated by the direct interaction of ligands on the particle surface
with cell membrane receptors but rather randomly (Kerr and Teasdale, 2009; Mylvaganam, Freeman and
Grinstein, 2021). Cells of the innate immune system constitutively perform membrane ruffling (Swanson ef
al., 1995; Canton, 2018), making the internalization of microplastic particles adhering to cellular membranes
via electrostatic forces more likely. Furthermore, growth factors increase membrane ruffling and,
consequently, macropinocytosis (Swanson ef @/, 1995). Therefore, we cannot exclude that growth factors
are present in the eco-corona from SW, initiating increased membrane ruffling and, therefore, higher

internalization compated to pristine particles.

Another explanation that microplastic particles coated with an eco-corona from SW seem to mainly become
internalized via macropinocytosis is the presence of salts within the eco-corona (Ramsperger e/ al, 2020).
The salt concentration in the salt water incubation media is 3.5%; therefore, salts may also be present in the
eco-corona. Interestingly extracellular calcium can drive constitutive macropinocytosis in human monocyte-
derived macrophages (Canton, 2018). Calcium is the fifth most abundant salt in our incubation medium
(460mg/1,), suggesting that calcium is also present in the eco-corona, initiating the process of membrane
ruffling, Thus, macropinocytosis might be the main internalization pathway for microplastic patticles coated
with an eco-corona from SW. For the other particle types, the internalization process is most probably a

combination of both mechanisms, receptor-mediated endocytosis and macropinocytosis.

Particles opsonized with IgG highly specifically bind to the Fey-receptors, and therefore, the main
internalization pathway for particles opsonized with IgG is receptor-mediated phagocytosis (Nimmerjahn

and Ravetch, 2008). The strong binding of IgG to Fey-receptors is also shown by the strong adhesion
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between the 1gG-coated particles and cells (relative attachment > 1), In principle, the relative attachment
should not exceed the value of 1.0. However, we assume that IgG-coated particles that were not attached
to cells were attached after flushing, indicating that non-attached IgG particles got washed onto cells and
immediately attached to cellular membranes due to their high reactivity with membrane receptors. In our
microfluidic microscopy platform, the incubation times are < 10min to exclude the possibility of particle
internalization and focus on the initial interaction of a particle with the cellular membrane. The particle-cell-
interaction, on the other hand, give a broad overview of how often an interaction occurs and how many
particles of these interactions were consequently internalized within 2 hours. However, since
macropinocytosis is constitutive in macrophages, this may explain the combination of both mechanisms,
macropinocytosis and phagocytosis, not only for the particles with an eco-corona from FW or particles

without an eco-corona but also for particles opsonized with [gG.

Furthermore, not only the combination of both mechanisms may explain our results but also the type of
inhibitors used. For instance, Amiloride was described in several studies to effectively inhibit
macropinocytosis (Kerr and Teasdale, 2009; Gould, Min and Day, 2011; Dutta and Donaldson, 2012;
Bannunah ¢ al, 2014). Amiloride impaits the Na+/H+ exchange resulting in a dysregulation of the
submembranous pH. However, Canton (2018) highlighted that this effect is not specific to
macropinocytosis and is only marginally sensitive to the constitutive form of macropinocytosis.
Furthermore, other effects not related to the inhibition of macropinocytosis can be involved (Gould, Min
and Day, 2011), such as the inhibition of actin polymerization (Lagana ef af., 2000). Therefore, our results

further highlight that Amiloride cannot serve as a specific inhibitor for macropinocytosis.

Microplastic patticles without an eco-corona only very occasionally bound to cellular membranes or became
internalized. However, the small number of patticles interacting with cells and becoming internalized may
occur for different reasons. The LC-MS/MS analysis depicted slight proteinaceous contaminats in all
incubated particle types, especially from Ralstonia bactetia. Proteins from this order were described as
common contamination in LC-MS/MS analysis (Salter ¢f al., 2014). Therefore, the proteins detected on the
particles without an eco-corona originating from contamination may already be sufficient to cause weak
adhesion and a small number of internalizations. Turthermore, although the particles were added to the
experimental setup in a pristine form without an eco-corona, proteins and other biomolecules from the
surrounding cell media can adsorb to the surface of the particles (Lundqvist e a/, 2011) without an eco-
corona explaining the small number of interactions, which is highly significantly smaller than for both
particle types coated with an eco-corona. This, even more, highlights that the coating with an eco-corona
effectively enhances their adhesion to cells, the number of particle-cell-interactions and subsequent

internalization.
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Conclusion

Our results show that microplastic particles coated with an eco-corona significantly stronger adhere to cell
membranes than microplastic particles without an eco-corona. Furthermore, the eco-corona enhances the
number of particle-cell interactions and the number of internalized particles, which agrees with our previous
observation (Ramsperger ¢ 4k, 2020), To understand better the process of particle internalization, we
inhibited the internalization mechanisms, macropinocytosis and phagocytosis. We found that particles
coated with an eco-corona from SW mainly become internalized via macropinocytosis, whereas the other
particle types seem to be internalized via both mechanisms. LC-MS/MS measurements unravelled that the
compositions of the two different eco-coronas, FW and SW, are distinct from cach other, which might
explain their differences in cellular internalization mechanisms. Our results help to understand better which
properties of environmentally exposed microplastic particles lead to cellular internalization, which is one

major pathway of microplastic particle translocation into tissues.
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Editor: Bernd Nowack Contamination of the environment with nano-and microplastic particles (NMPs) and its putative adverse effects
on organisms, ecosystems, and human health is gaining increasing scientific and public attention. Various studies

Keywords: show that NMPs occur abundantly within the environment, leading to a high likelihood of human exposure to
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NMPs. Here, different exposure scenarios can occur. The most notable exposure routes of NMPs into the human
body are via the airways and gastrointestinal tract (GIT) through inhalation or ingestion, but also via the skin due
PR to the use of personal care products (PCPs) containing NMPs. Once NMPs have entered the human body, it is
effects possible that they are translocated from the exposed organ to other body compartments. In our review article, we
combine the current knowledge on the (1) exposure routes of NMPs to humans with the basic understanding of
the potential (2) translocation mechanisms into human tissues and, consequently, their (3) fate within the human
body. Regarding the (1) exposure routes, we reviewed the current knowledge on the occurrence of NMPs in food,
beverages, personal care products and the air (focusing on indoors and workplaces) and found that the studies
suggest an abundant presence of MPs within the exposure scenarios. The overall abundance of MPs in exposure
matrices relevant to humans highlights the importance of understanding whether NMPs have the potential for
tissue translocation. Therefore, we describe the current knowledge on the potential (2) translocation pathways of
NMPs from the skin, GIT and respiratory systems to other body compartments. Here, particular attention was
paid to how likely NMPs can translocate from the primary exposed organs to secondary organs due to naturally
occurring defence mechanisms against tissue translocation. Based on the current understanding, we conclude
that a dermal translocation of NMPs is rather unlikely. In contrast, small MPs and NPs can generally translocate
from the GIT and respiratory system to other tissues. Thus, we reviewed the existing literature on the (3) fate of
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NMPs within the human body. Based on the current knowledge of the contamination of human exposure routes
and the potential translocation mechanisms, we critically discuss the size of the detected particles reported in the
fate studies. In some cases, the particles detected in human tissue samples exceed the size of a particle to
overcome biological barriers allowing particle translocation into tissues. Therefore, we emphasize the impor-
tance of critically reading and discussing the presented results of NMP in human tissue samples.

1. Introduction

The overall increase in single-use throw-away plastic products and
packaging has led to a tenfold increase in plastics in municipal solid
waste from 1960 until 2005 (Geyer et al., 2017; Jambeck et al., 2015;
Lebreton and Andrady, 2019), and has even accelerated during the
SARS-CoV-2 pandemic (Klemes et al., 2020; Vanapalli et al., 2021). This
increase in plastic waste is further accompanied by more plastic litter in
the environment (GESAMP, 2016; Katare et al., 2022).

Once plastics enter the environment, the properties which make
them useful turn into a threat to the environment. For instance, the
longevity of plastics leads to plastic accumulation in the environment
that is expected to persist for hundreds to thousands of years depending
on the plastic type (Barnes et al., 2009), However, due to UV radiation,
mechanical and biological degradation, larger plastic items can brittle
into ever smaller particles (Barnes et al., 2009). Recently, it has been
shown that degradation, for instance of polystyrene (PS), is a two-stage
process where photooxidation at the near-surface layer is the first step
followed by microcrack formation and particle rupturing, leading to the
formation of a multitude of even smaller particles (Meides et al., 2021).
Thompson et al., 2004 introduced the term microplastics (MPs), which
has later been described as all plastic particles smaller than 5 mm in
diameter (Arthur et al., 2009). Although there is no official lower size
limit of MPs, 1 pm is widely accepted nowadays, and particles smaller
than 1 pm are usually termed nanoplastics (NPs) (Gigault et al., 2018;
Hartmann et al., 2019). Although MPs have been detected abundantly in
the environment, detection and identification of NPs is still very chal-
lenging, mainly due to methodological and analytical limitations for
detecting NMPs in environmental samples and biological matrices. This
aspect has been comprehensively reviewed elsewhere (e.g., Chen et al.,
2020; Moller et al., 2020; O'Connor et al., 2019; Schwaferts et al., 2019).

However, the number of NMPs occurring in nature increases with
decreasing particle sizes (Hale et al., 2020). Yet, the overall occurrence
of NMPs and their small sizes is a potential health risk for organisms. The
risk of accidental ingestion or inhalation is much greater for smaller
particles than larger particles. In addition, as particle size decreases, the
surface area to mass ratio increases. Consequently, the reactivity and
toxicity of particles increases, making subsequent interactions with
biological barriers more likely (Buzea et al., 2007). Although NMPs have
been present in the environment for several decades (Carpenter and
Smith, 1972), they are regarded as a rather newly introduced environ-
mental particulate stressors. Furthermore, as NMPs are a highly diverse
group of contaminants with various physicochemical properties, overall
conclusions on the potential adverse health effects of NMPs are chal-
lenging. However, first attempts to perform a risk assessment of NMPs
for humans were conducted, which will be discussed later.

Studies on ingestion and subsequent translocation of NMPs in
different organisms in nature (Barboza et al., 2020) and laboratory
studies (Galloway et al., 2017; Yong et al., 2020} have raised concern
about putative adverse effects of NMPs, even to humans (Prata et al.,
2020; Wright and Kelly, 2017). Prata et al. (2020) highlighted that upon
exposure and uptake, the potential toxicity of NMPs may result from
oxidative stress and inflammation, which consequently could disrupt the
immune and nervous system. NMPs from the environment may not
solely be coated with an eco-corona which is known for enhancing the
cellular uptake (Ramsperger et al., 2020) but also with potentially
pathogenic microorganisms (Gkoutselis et al., 2021; Kettner et al., 2019;
Kirstein et al., 2016; Weig et al., 2021). The accumulation of pathogens
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on the surface of NMPs, exceeding the concentration of the surrounding
media, may lead to a health threat upon uptake of an increased pathogen
load on the particles by organisms.

The number of studies concerning the potential effects of NMPs on an
environmental and organismal level steadily increases (Gabriel et al.,
2015). In contrast, research on human exposure and toxicity is a rela-
tively new field in NMP research. Nevertheless, there is a growing
number of articles addressing the exposure of humans to NMP (Cox
et al., 2019; Senathirajah et al., 2021) and their potential health risks
(see, e.g. Prata et al., 2020; Rahman et al., 2021; Wright and Kelly,
2017). However, most review articles either focus on a specific exposure
route (e.g., Chen et al., 2019; Danopoulos et al., 2020; Mercogliano
etal., 2020; Peixoto et al., 2019; Yuan et al., 2022; Zhang et al., 2020) or
the potential adverse health effects of NMP to humans upon exposure
(Campanale et al,, 2020; Danopoulos et al., 2021; Huang et al., 2021,
Vethaak and Legler, 2021), In our review article, we combine the cur-
rent knowledge on the contamination levels of the three major (1)
exposure routes of NMPs to humans with the basic understanding of the
potential (2) translocation mechanisms into human tissues and, conse-
quently, their (3) fate within the human body. Regarding the (1) expo-
sure scenarios, we reviewed the current knowledge on the occurrence of
NMPs in food, beverages, personal care products (PCPs) and the air
(focusing on indoors and workplaces). To avoid redundancies to other
review articles describing the exposure levels of NMPs to humans, we
focused on studies published after 2015. Furthermore, we describe the
current knowledge on the potential (2) translocation pathways of NMPs
from the primarily exposed organs (skin, gastrointestinal tract (GIT) and
lung) into human tissues, Particular attention was paid to the mecha-
nisms that allow particles to translocate into tissues and how likely the
translocation from the primary exposed organs to secondary organs is.
Based on the presented results of the NMP contamination in the different
exposure scenarios and the current understanding of the potential
translocation pathways, we critically discuss the significance of the
described NMP in the (3) fate studies.

Since there is little to no data on the contamination of the environ-
ment and organisms with NPs, we mainly refer to MPs in our review
article. We use the abbreviations MPs (5 mm - 1 pm) or NPs (<1 pm) to
indicate the size class in the respective sections summarized and dis-
cussed. For more general statements, we use the abbreviation NMPs.

2. Methods of literature research

To avoid redundancy to other review articles, we only included
studies from 2015 for the (1) exposure scenarios. To deseribe the po-
tential (2) translocation mechanisms of NMPs from primary exposed
organs (lung, GIT and skin) to other tissues and secondary organs, we
did not set a threshold for the year of publication since the general
understanding of the mechanisms requires fundamental literature. Since
the topic of the (3) fate of NMPs in human tissue samples is a relatively
new field of research, we included all studies published so far in the
sense of NMPs.

We used Google Scholar, ISI Web of Knowledge,/ Web of Science, Scopus,
PubMed, and Embase as databases. The common search terms for all
chapters were: microplastic*, nanoplastic*, and human exposure. For the
more specific chapters, we included the following search terms: drinking
water and beverages for NMP in drinking water; meat, fish, seafood, edible
tissue, vegetables, milk, egg, roots and tubers, plants and herbs, confection-
ary, honey, sugar, salt, cereal, rice, maize, wheat, barky, spelt, rye, oat,
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sorghum, millet, teabag, oil, olive oil, vegetable oil, and palm oil for the NMP
in food chapter; atmosphere, atmospheric, and air in the NMP inhalation
chapter; and cosmetics, personal care products, contraceptive, eye, contact
lenses, and ocular surface for the PCP chapter. We were using the addi-
tional search terms human tissue and organs in the fate chapter. No
studies were excluded.

3. Human exposure to NMPs

Since MPs have been detected abundantly in the environment, the
exposure of human beings to NMPs is highly likely (Prata et al., 2021).
There are numerous routes of exposure through which humans can come
into contact with NMPs. Here we summarize the current knowledge on
the contamination with NMPs of drinking water and beverages, the most
relevant food items, and indoor air. Furthermore, we address polymers
intentionally added as ingredient in PCPs designed for direct application
on the human body.

3.1. Drinking water and beverages

Water is essential to sustain human life, and we consume water as
plain drinking water as well as in other beverages and in food. Although
there are guidelines for drinking water quality (WHO, 2017), contami-
nation with NMPs has yet not been implemented. In the report on
microplastics in drinking water by the World Health Organization
(WHO) (Organization. 2019), it was described that MP should, in prin-
ciple, be effectively removed since drinking water treatment is designed
to remove particulate matter from drinking water sources. However, it is
assumed that the contamination of drinking water with MPs could stem
from the raw water used for its generation due to inefficient removal of
the particles (Pivokonsky et al., 2018). Zhang et al. (2020) described
that the efficiency of removing particles =50 pm ranges from 25--90%,
depending on the treatment technologies of the respective drinking
water treatment plants. Since many bottled water and other beverages
contain filtered municipal tap water, the contamination with particles
=50 pm could originate from the drinking water used to produce them.
However, Mason et al. (2018) compared bottled water from the same
brand available in glass or plastic bottles, and the contribution of the
plastic bottle to the NMPs load is larger than that stemming from the
water directly. Therefore, another potential source of the NMP
contamination of bottled water may derive from the production pro-
cesses, like packaging (Zhang et al., 2020). Furthermore, one potential
reason for the higher contamination of plastic bottled water could be the
repeated mechanical stress of opening and closing the bottles, increasing
MPs release (Winkler et al., 2019).

Several studies investigated drinking water and beverages contami-
nation with MPs, and other review articles have already summarized the
current knowledge of MPs in drinking water (e.g. Danopoulos el al.,
2020; Eerkes-Medrano et al., 2018; Koelmans et al., 2019). MPs were
detected in drinking water, beverages like beer, refreshments, and wine
across the globe (Kankanige and Babel, 2020; Makhdoumi et al., 2021;
Mason et al., 2018; Shruti et al., 2021). Schymanski et al. (2018)
describe that 80% of the detected particles have a size distribution of
5-20 pm and Ofmann et al. (2018) highlighted that more than 90% of
the detected particles in their study were even smaller than 5 pm.
Consequently, most MPs in drinking water and beverages are not visible
to the naked eye.

However, there is a consensus on the occurrence of MPs in bottled
drinking water and beverages produced for human consumption,
although the actual amount of NMPs within drinking water is still to be
evaluated. Based on 10 publications reviewed, Zhang et al. (2020)
calculated a human microplastic intake of up to 4.7 x 10° particles per
person per year. Finally, it's worth of note that drinking water is not
solely used for direct consumption but also for further food processing.
Therefore, it could contribute to the NMP content in processed food
items.
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3.2. Food

One of the main uptake routes of NMPs by humans is through food.
To obtain a comprehensive picture of NMPs contamination in raw and
processed food, we used food categories based on a technical report
published by the European Food Safety Authority (EFSA) (EFSA CON-
I'AM Panel, 2016; Food and Authority, 2011) and the classification and
description system FoodEx2 (revision 2) (European Food Safety Au-
thority, 2015, 2021) (see Table 1).

Amongst the major food commeodities for humans are eggs, meat,
milk, cereal and roots (FAO, 2013). Approximately 19% of the global
population use seafood as their primary source of animal protein, which
indicates how heavily reliant humans are on the oceans’ life as protein
source (Beaumont et al., 2019; Golden et al., 2016). Over the last 70
years, the global fishery capture production increased by a factor of ~5
(1950: 19 million tons living weight; 2019: 94 million tons living
weight), whereas the global aquaculture production increased by a
factor of ~200 (1950: 6 = 10° tons living weight; 2019: 120 million tons
living weight) (FAO, 2020; FishStatJ software v4.02.04, 2022), to meet
the increase in protein needs caused by a growing world population.
Therefore, we first summarize the current knowledge of NMPs
contamination in ‘blue meat’, a term introduced by Naylor et al. (2021)
defining aquatic foods captured from or cultivated in marine and
freshwater ecosystems. It must be noted that within this review, we only
consider studies focusing on NMPs content in edible parts of the animals,
starting with the findings on species consumed as a whole organism.

Mussels are filter feeders and therefore inadvertently ingest NMPs
with their food. As a protein source for humans, they thus represent a
potential vector of NMPs (Giindogdu et al., 2020; Nalbone et al., 2021,
Ribeiro et al., 2020; Sparks et al.,, 2021; Kumar et al., 2021; Wakkaf
et al., 2020). The contamination of mussels with MPs was mainly stated
in MPs per gram of wet weight (MPs/g w.w.) of the mussels and ranged
from 0.040 = 0.003 MPs/g w.w. up to 0.9 + 0.1 MPs/g w.w. (Giindogdu
et al., 2020; Nalbone et al., 2021; Ribeiro et al., 2020; Sparks et al.,
2021; Kumar et al., 2021), whereas one study estimated a higher value
of 2.4 MPs/g w.w. (Wakkaf et al., 2020). Different polymer types with
different shapes and sizes were detected in mussel tissues (Table 2). Next
to mussels, other species consumed in whole may be relevant vectors of
NMPs to humans. Ribeiro et al. (2020) analyzed wild and farm seafood
(i.e., prawns, squids, sardines) and highlighted a high variability of
polymers depending on the studied species. Furthermore, the occur-
rence of MPs in other commercially relevant marine species was eval-
uated in edible tissue of crab (Akhbarizadeh et al., 2019; Daniel et al.,
2020a; Ribeiro et al., 2020; Zhang et al., 2021), sea urchin (Feng et al.,
2020), shrimp (Daniel et al., 2020b, 2021), prawn (Akhbarizadeh et al.,
2019; Ribeiro et al., 2020) and squid (Daniel et al., 2021; Ribeiro et al.,
2020). Most studies showed that the percentage of MPs in edible tissues
is generally lower than in the inedible ones, like the organisms" digestive
tract (Daniel et al., 2020a; Wakkaf et al., 2020; Zhang et al., 2021). This
implements that animals that are eaten whole, including their digestive

Table 1
Grouping of food categories used in the present chapter,
CATEGORY subgroup
Cereals AQEZF, ADOEZV
Fruit and Vegetable AQ7X], AOEZG, AOEZN, AOEZH
Oils AQ15E
Roots and Tubers ADOZS
Other plants and herbs AD1OR, ADEZM
Terrestrial Meat AOEZS, AOEZT
Marine Meat AQEZR, AOEZQ
Milk AOBXZ
Eggs AO31E
Confectionery AQ4PE
Particular food A03TD, AD3PV, AO3ZRR
Other AD3IVA, AD42ZN
isolated purified ingredients ADBXX
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Overview of MPs found in selected animal food products. Cellulose Acetate (CA), Cellophane (CE), Ethylene Propylene diene monomer rubber (EPDM), Extruded PS
(EPS), Ethylene-vinyl acetate (EVA), Polyamide (PA), Polyacrylamide (PAAm), Polyacrylonitrile (PAN), Polybutylene terephthalate (PBT), Polyethylene (PE), High-
density PE (HDPE), Low-density PE (LDPE), Polyethylene terephthalate (PET), Polyethersulfone (PES), Poly(methyl methacrylate) (PMMA), Polypropylene (PP),
Polystyrene (PS), Polysulfone (PSU), Polytetrafluoroethylene (PTFE), Polyurethan (PU), Polyvinyl acetate (PVA), Polyvinyl chloride (PVC). ATR-FTIR = Attenuated
Taotal Reflection- Fourier-transform infrared spectroscopy, FPA = Focal Plane Array detector, FE-SEM = Field Emission- Scanning Electron Microscopy, EDX = Energy-
dispersive X-ray spectroscopy, Py-GCMS = Pyrolysis-gas chromatography-mass spectrometry. Raw data rounded.

Food Polymer types NMP size Detected concentrations Analytical Method Ref.
matrix found
Mussel -PET 500 pm - 2000 pm 0.040 + 0.003 MPs/g wet weight (w.w.) Stereomicroscope Sparks et al., 2021
- Latex 87% of mussels contained MPs sorting
- PS-cotton FTIR-ATR
-PVC
-CA
- EVA
- HDPE
- Nylon
Mussel -PE ~ 500-1500 pm Fresh mussels: 0.20 + 0.24 MPs/g w.w. Stereomicroscope Nalbone et al., 2021,
- PP Processed mussels: 0.9 + 0.1 MPs/g wow.  sorting
- PET 61 % of mussels contained MPs FTIR
-PVC
Mussel -PE not specified 0.7 £ 0.5-3.5 + 0.3 MPs/g w.w. Stereomicroscope Wakkaf et al
- PP 97% of mussels contained MPs sorting
-CE FTIR
Mussel -PE mean 1.7 £+ 0.1 mm Mean 0.06 MPs/g w.w Stereomicroscope Giindogdu et al. (2020}
-PP Range 0.03-0.09 MPs/g w.w. sorting
- Nylon 92% of vendors sold mussels that p-Raman
- EVA contained MPs
- PET
- p-acrylic acid
Mussel FTIR: 3-60 ym (Raman analysis) 0.63 + 0.59 MPs/g w.w. FPA-based p-FTIR Kumar et al. (2021)
- PP Mostly <100 pm (FTIR analysis) p-Raman
- PET
- PAN
-PE
-PA
-PU
-PS
- PBT
Raman:
-PA
- PP
-PE
- PAN
-PU
- PET
-P§
- PMMA
Mussel -PVC not specified Range 0-24 pg/g Py-GC/MS Ribeiro et al. (2020)
Shrimp Not detected Stereomicroscope Daniel et al. (2021)
sorting
FTIR
Shrimp -PS 150-1000 pm 0.04 + 0.07 MPs/g w.w. Stercomicroscope Daniel et al. {2020b)
-PA (72% of total) 31% of the shrimps were contaminated sorting
-PE <500 pm (less than 25%) with MPs FTIR
-PP
Prawn -BPVC not specified PVC: 0-16 pg/g Py-GC/MS Ribeiro et al. (2020)
- PP PP: 0-15 pg/g
- PMMA
Prawn not identified Mainly <50 pm in muscle 0.36 MPs/g w.w. (muscle) Stereomicroscope Akhbarizadeh et al. (2019)
0.77 MPs/g w.w. (gill) sorting
FTIR
Squid - PP ~100-400 pm 0.008 + 0.02 MPs/g w.w. Stereomicroscope Daniel et al. (2021)
-PS sorting
- PE FTIR
Squid - PVC not specified PVC: 0-11 pg/g Py-GC/MS Ribeiro et al. (2020)
- PP PP: 0-24 pg/g
Crab -PP ~100-400 pm 0.003 + 0.01 MPs/g w.w. Stereomicroscope Daniel et al. (2021)
-PS 13 % of edible tissue contained MPs sorting
-PE FTIR
Crab -CE 20-5000 pm 0.80 + 1.1 - 23 + 25 MPs/g w.w. Stereomicroscope Zhang et al. (2021)
- PET No MPs were found in crab’s muscles. sorting
- PE p-FTIR
-PP
-PA
Crab -PS not specified PS: 0.28-8.1 pg/g Py-GC/MS Ribeiro et al. (2020)
-PE PE: 0-40 pg/g
(continued on next page)
4
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Food Polymer types INMP size Detected concentrations Analytical Method Ref.
matrix found
- PVC PVC: 1.2-39 pg/g
- PP PP: 2.5-26 pg/g
- PMMA PMMA: 0-4.5 pg/g
Crab not identified Mainly <50 pm in muscle 0.26 MPs/g w.w. (muscle) Stereomicroscope Akhbarizadeh et al. (2019)
0.86 MPs,/g w.w. (gill) sorting
Hot probe testing
SEM-EDX
Urchin -CE 7-1000 pm (60% of total) (range From 0.16 + 0.09 MPs/g w.w to 2.3 = Stereomicroscope Feng et al. (2020)
- PET:PS 30-4700 pm) 1.7 MPs/g w.w. sorting
-PE ~—090% of urchins contained MPs FTIR
- PP
- PP'PE
-PA
- ryon
- PAN
-PU
- PVAIPE
Fish -Ps not specified PS: 0-100 pg/g Py-GC/MS Ribeiro et al. (2020)
-PE PE: 0-2400 pg/g
PVC PVC: 0-10 pg/g
PP PP: 0-60 pg/g
PMMA PMMA: 0-30 pg/g
Fish -PE 100-200 pm in edible tissue (range Edible: 0.005 + 0.02 MPs/g w.w. Stereomicroscope Daniel et al. (2020a)
- PP 115-210 pm) 7% of fishes had MPs in edible parts. sorting
- EPDM 200-400 pm in inedible tissue (range Inedible: 0.05 + 0.01 MPs/g w.w. FTIR
-Ps 136-4010 pm) 41% of fishes had MPs in inedible parts.
Fish not identified Mainly < 50 pm in muscle 0.16-0.28 MPs/g w.w. (muscle) Stereomicroscope Akhbarizadeh et al. (2019)
0.25 MPs/g w.w. (gill) sorting
Hot probe testing
SEM-EDX
Fish - PP mean: 1100 + 940 pm Total 6 MPs found Stereomicroscope Karami et al. (2018)
- PET (range 190-3800 pm) sorting
- PE Raman
- PVC FESEM-EDX
Fish -PP not specified 29 MPs in eviscerated flesh and 7 MPs in  Stereomicroscope Karami et al. (2017a)
-PE organs sorting
-P§ Raman
- PET FESEM-EDX
- PA-6
Chicken -PE 1-10 mm Gizzard: mean 46 -+ 43 MPs/gizzard Stereomicroscope Lwanga et al. (2017)
-PS Crop: mean 11 + 15 MPs/crop
Chicken - EPS 130-450 pm 4-19 MPs/kg packaged meat Stereomicroscope Kedzierski et al. (2020)
meat - Fibers (not sorting
specified) ATR-FTIR
Milk - PES Fibers and fragments of <500 pm - 5 3-11 MPs/L milk Stereomicroscope Kutralam-Muniasamy et al.
- PSU mm SEM-EDS (2020)
p-Raman
Milk -PP Fibers: 30 — 6740 pm Fibers: 30-250 MPs/L milk Stereomicroscope Diaz-Basantes et al. (2020)
- HDPE Fragments: 2-180 pm Fragments: 100-280 MPs/L milk sorting
- LDPE FTIR
- PAAmM
Milk - PP 69-99% <50 pm? Samples ranged from 800-9700 MPs,/L p-Raman Costa Filho et al. (2021)
-PE milk SEM-EDX
- PES
-Ps
- PTFE
-PU
- PSU
-PVA

tract, are a potentially larger vector for NMPs than when only parts of
the animals are consumed. For instance, larger fish are usually not eaten
whole, but mainly the fillet is consumed by humans. Here, the trans-
location of MPs from the digestive tract into edible tissues like fish fillet
has already been shown in a laboratory study (Zeytin et al.,, 2020) and
also in fish captured in nature for human consumption (Daniel et al,,
2020a; Gabriel et al., 2015; Karami et al., 2017a). Therefore, both ma-
rine animals eaten as a whole, and saltwater fish fillet consumption can
serve as a vector for human consumption of NMPs. However, 12.5% of
the total share of captured fish derives from inland freshwater ecosys-
tems (FAO, 2020). Although there are no studies demonstrating NMPs in
the fillet of freshwater fish for human consumption, it has been
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described that freshwater fish also ingest MPs (Galafassi et al., 2021;
Parker et al., 2021). Consequently, fillet of freshwater fish might be an
additional vector of NMPs to humans.

The total protein requirement of humans is not only met by blue
meat but also by a high proportion of meat. Poultry consumption, in
particular, has increased over the last 60 years, even overtaking beef
consumption (Naylor et al., 2021). However, only little information on
MPs levels in meat have been published. First attempts were made to
analyze the MPs content in chicken (Huerta Lwanga et al., 2017; Ked-
zierski et al., 2020). Both studies showed that MPs were attached to
chicken tissues. Kedzierski et al. (2020) highlighted that the MPs asso-
ciated with the washed chicken meat mainly derived from the packaging
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itself. Huerta Lwanga et al. (2017) found MPs >1 mm in size in the
gizzard of dissected chickens. The authors state that even a thorough
washing of the gizzard would not guarantee the complete removal of
MPs and calculated possible annual ingestion of 840 MPs per person per
year in Mexico. However, to our best knowledge, MPs were not detected
within the meat fillet mainly used for human consumption. This lack of
knowledge may depend on time- and cost-consuming approaches like
enzymatic digestion (Loder et al., 2017) that would be needed prior to
analysis of the meat. Recently, Huang et al. (2020) used a non-disruptive
method, namely mid-infrared spectroscopy, to detect MPs within
chicken meat without destroying the meat matrix. However, the
method's sensitivity for detecting MPs is very low (between 1% and
10% (w/w}) and needs to be improved to apply it to real samples.

Another important source of nutrients for humans are milk and dairy
products. Milk is not solely used as a raw product but also for many
processed food items, like butter, cheese, cream, and ready-made
products.

A few studies have already investigated the contamination of MPs in
milk (Table 2). For example, Kutralam-Muniasamy et al. (2020) detected
MPs in branded milk from Mexico, reporting 3-11 MPs/L, and Diaz-
Basantes et al. (2020) reported higher levels of average 40 MPs/L in milk
from Ecuador. However, Costa Filho et al. (2021) reported much higher
contamination levels, with 88 MPs/L in raw milk and 694 MPs/L in
powdered milk. Therefore, although it is premature to conclude on MPs
levels in milk, the results of Costa Filho et al. (2021) suggest that MPs’
presence increases with milk processing.

In addition, humans consume and also need carbohydrates, with
cereals accounting for the largest proportion. The FAO estimates that
cereals are mainly produced for direct human consumption (41%) and
animal feed (45%), the remaining percentages for industrial applica-
tions (brewing, biofuels, etc.). Cereals contribute 55-70% of the total
diets of developing countries, with 2/3 represented by corn and wheat.
Corn, oats, barley, wheat and sorghum are the main grains used in an-
imal feeding globally (Kleih et al., 2006; World Trade Organization,
2019). Therefore, MP- containing cereals may serve as a direct vector
when consumed by humans or indirectly by consuming animal products
containing NMPs. There is growing evidence for the contamination of
the terrestrial environment, with increasing attention drawn on agri-
cultural soils for food production. However, if this leads to the
contamination of cereals is not known to date. Possible transfer of NMPs
to cereals may stem from agricultural soils (Harms et al., 2021; Rillig
et al., 2017; Steinmetz et al.,, 2016; Wang et al., 2021), irrigation of
cereal crops with contaminated waters (Domenech and Marcos, 2021),
and fertilization with sewage sludge and polymer-coated fertilizer
(Corradini et al.,, 2019; Lian et al., 2021; van den Berg et al., 2020;
Weithmann et al., 2018). It is not known whether NMPs can enter the
crop plant tissue grown on agricultural fields. However, in laboratory
studies, it was shown that vascular plants could act as sinks for model
NMPs as their surfaces can adsorb them (Taylor et al., 2020) or even be
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taken up into the plant’s tissues (Austen et al., 2022; Bosker et al., 2019;
Dong et al., 2021; Li et al., 2021; Lian et al., 2021; Yin et al., 2021; Zhou
et al., 2021). Nevertheless, most studies have focused on the potential
effects of NMPs on plant physiology (Dong et al., 2020; Pehlivan and
Gedik, 2021; Urbina et al., 2020; Wu et al., 2022),

Furthermore, industrial processing and packaging may lead to NMPs
contamination of cereals (Dessi et al., 2021). Despite the high proportion
of human consumption of cereals, very little data on their contamination
by NMPs exists. We observed only one study investigating the MPs
contamination of rice produced for human consumption (Table 3). Dess]
etal. (2021) investigated the mass concentration of MPs in store-bought
rice and found 45-322 pg/g dry weight. The authors found no difference
between paper and plastic packaging of the rice. However, washing the
rice before further processing reduced the mass of MPs within the
samples. Noteworthy, pre-cooked rice contained a fourfold higher con-
centration of MPs, suggesting that industrial processes may be the pri-
mary source of MPs contamination.

Next to cereals, fruits and vegetables contribute to the overall con-
sumption of carbohydrates. There is little information about NMPs’
presence in commercial vegetables and fruits produced for human
consumption. To our best knowledge, only Oliveri Conti et al. (2020)
quantified MPs in several Italian fruits and vegetables produced for
human consumption of different contamination levels, with fruit sam-
ples being generally more contaminated than vegetables (Table 3).
However, the accumulation of NMPs has been described in edible tissues
of radish (Tympa et al., 2021) or cucumber (Li et al., 2021) in plants
grown under laboratory conditions.

Furthermore, the usual diet of humans also contains processed foods,
reported in our used classification system (Table 1) as oil, confectionary,
teabags, honey & sugar and salt (Table 4). To date, no studies are
available reporting NMPs in confectionary or oil. However, some studies
were published investigating NMPs in other processed foods. For
instance, Li et al. (2020) detected MPs in packed Nori seaweed, and
other edible macroalgae were discussed to be potential vectors for NMPs
to humans (Yang et al., 2021). Some studies documented the presence of
MPs and other fibers in honey (Diaz-Basantes et al., 2020; Liebezeit and
Liebezeit, 2013, 2015; Miihlschlegel et al., 2017) and sugar (Liebezeit
and Liebezeit, 2013, 2015) and several studies detected MPs in salt
samples (Fadare et al., 2021; Fischer et al.,, 2019; Giindogdu, 2018;
Iniguez et al., 2017; Karami et al., 2017b; Kim et al., 2018; Kosuth et al.,
2018; Lee et al., 2019; Nithin et al., 2021; Renzi et al., 2019; Renzi and
¢, 2018; Seth and Shriwastav, 2018; Tahir et al., 2019; Yang
et al,, 2015) (Table 4). Furthermore, two studies detected the release of
MPs from commercial teabags during a typical steeping process (Her-
nandez et al., 2019; Xu et al., 2021). These results indicate that raw and
processed food items may potentially contribute to human exposure to
NMPs via ingestion.

Blaskovi

Overview of MPs found in rice, vegetables and fruits. Cellulose Acetate (CA), Cellophane (CE), Ethylene Propylene diene monomer rubber (EPDM), Extruded PS (EPS),
Ethylene-vinyl acetate (EVA), Polyamide (PA), Polyacrylamide (PAAm), Polyacrylonitrile (PAN), Polybutylene terephthalate (PBT), Polyethylene (PE), High-density
PE (HDPE), Low-density PE (LDPE), Polyethylene terephthalate (PET), Polyethersulfone (PES), Poly(methyl methacrylate) (PMMA), Polypropylene (PP), Polystyrene
(PS), Polysulfone (PSU), Polytetrafluoroethylene (PTFE), Polyurethan (PU), Polyvinyl acetate (PVA), Polyvinyl chloride (PVC). SEM= Scanning Electron Microscopy,
EDX= Energy-dispersive X-ray spectroscopy, Py-GCMS= Pyrolysis—gas chromatography—mass spectrometry. Raw data rounded.

Food matrix Polymer types found NMP size Reported concentrations Analytical methods Ref.
Rice -PE Not determined Dry rice: 67 = 26 pg/g dry weight (d.w.) Py-GC/MS Dessi et al. (2021)
-PP Washed rice: 52 + 5 pg/g dw
- PET Dry instant rice: 280 + 50 pg/g dw
Washed instant rice: 170 = 41 pg/g dw
Fruit and vegetable not specified 1.5-2.5 pm Apples 1.96 = 10° £ 1.3 = 10° MPs/g SEM-EDX Oliveri Conti et al. (2020)

Pears 1.90 x 10° = 1.1 x 10° MPs/g
Broceoli 1,26 x 10° 4 8.0 % 10* MPs/g
Lettuce 5.10 = 110% + 2.5 x 10" MPs/g
Carrot: 1.02 x 10° + 4.4 x 10" MPs/g
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Table 4

Overview of MPs found in processed foods. Cellulose Acetate (CA), Cellophane (CE), Ethylene Propylene diene monomer rubber (EPDM), Extruded PS (EPS), Ethylene-
vinyl acetate (EVA), Isobutyl Vinyl Ether (IBVE), Polyamide (PA), Polyacrylamide (PAAm), Polyacrylonitrile (PAN), Poly(butyl methacrylate) (PBMA), Polybutylene
terephthalate (PBT), Polyethylene (PE), High-density PE (HDPE), Low-density PE (LDPE), Polyetherimide (PEI), Polyethylene terephthalate (PET), Polyethersulfone
(PES), Poly(methyl methacrylate) (PMMA), Polyoxymethylene (POM), Polypropylene (PP), Polystyrene (PS), Polysulfone (PSU), Polytetrafluoroethylene (PTFE),
Polyurethan (PU), Polyvinyl acetate (PVA), Polyvinyl chloride (PVC). ATR-FTIR = Attenuated Total Reflection- Fourier-transform infrared spectroscopy, FPA= Focal
Plane Array detector, FE-SEM = Field Emission- Scanning Electron Microscopy, EDX = Energy-dispersive X-ray spectroscopy, Py-GCMS = Pyrolysis-gas chroma-
tography-mass spectrometry, XPS = X-Ray Photoelectron Spectroscopy, NTA = Nanoparticle Tracking Analysis, NIR = Near-Infrared spectroscopy. Raw data rounded.

Food matrix Polymer types NMP size Reported concentrations Analytical method Ref,
found
Nori seaweed - not specified not specified 0.9-3 MPs/g Stereomicroscope Li et al. (2020}
WFTIR
Honey, Sugar - not specified not specified Honey, fibers 170 + 150 MPs/kg, fragments 9 Stereomicroscope Liebezeit and
+ 9 MPs/kg Liebezeit (2013)
Sugar, fibers 220 + 120 MPs/kg, fragments 32
+ 7 MPs/kg
Unrefined sugar, fibers 560 MPs/kg, fragments
540 MPs/kg
Honey - not specified not specified Fibers 10-340 MPs/kg, fragments 2-82 MPs/ Stereomicroscope Liebezeit and
kg. Liebezeit (2015)
Honey - PET =30 pm 0-8.3 MPs/kg (mean 3.8 MPs/kg) Raman Miihlschlegel et al.
FTIR-ATR (2017)
Honey - PP Fibers 67-2700 pm, fragments Fibers 20-180 MPs/L, fragments 190-830 MPs/  Stereomicroscope Diaz-Basantes et al.
- HDPE/LDPE 5-230 pm L. sorting (2020)
- PAAm FTIR
Salt - not specified 4-4600 pm 1600-3 » 10° MPs/kg Stereomicroscope Renzi and Blaskovie
sorting (20
W-FTIR
Salt - not specified 100-5000 pm 47-800 MPs/kg (mean 210 MPs/kg) Stereomicroscope Kosuth et al. (2018)
Salt - PVA 4-4700 pm 0.67 + 1.2-3.4 + 4.9 MPs/kg Stereomicroscope Fadare et al. (2021)
PP sorting
-PE FTIR
Salt - Nylon not specified 470 + 120-1600 + 150 MPs/kg FTIR Nithin et al. (2021)
- LDPE
-PP
- PET
Salt - PP 90-1500 pm 9.8 MPs/kg Stereomicroscope Lee et al. (2019)
-PE sorting
-PS FTIR
- PEI
- PET
- POM
Salt . PET 10-150 pm 170-320 MPs/kg (IT); 70-220 MPs/kg (CRO) FTIR Renzi et al. (2019)
- PVC ATR
- PAG
-PE
-PS
- IBVE
-PA
-PC
- PP
- PEMA
-PU
- Viscose
Salt - PVA 390-9400 pm 6.7 - 53 MPs/kg FTIR Tahir et al. (2019}
-PE
-Ps
Salt - PES 80% of fragments and fibers were 103+39 - 56:£49 MPs/kg; 64 pgrkg Stereomicroscope Seth and Shriwastav
-PS smaller than 500 and 2000 pm resp. sorting {2018)
- PA W-FTIR
-PE
- PET
Lake salt, Rock Lake salt: 100-5000 pm Lake salt: 28-460 MPs/kg (mean 250 &+ 310 Stereomicroscope Kim et al. (2018)
salt, Sea salt -PP part/kg) sorting
- PE Rock salt: 0-150 MPs/kg (mean 38 + 55 MPs/  FTIR
- Teflon kg)
- PET Sea salt: 0-1700 MPs/kg (mean 680 + 2600
Rock salt: MPs/kg)
- PET
-PE
- PP
Sea salt:
- PE
-PP
- PET
Sea salt, well salt 30-3500 pm Sea salt: 50-280 MPs/kg Iniguez et al. (2017)

Well salt: 120-190 MPs/kg
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Table 4 (continued)
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Food matrix Polymer types NMP size

found

Reported concentrations

Analytical method Ref.

-PET

- PP

- PE
Lake salt, Rock - PET
salt, Sea salt - PES

45-4300 pm

-PB

-PP

-CE
Lake salt, Rock Lake salt: not specified
salt, Sea salt - PE kg)

-FP Rock salt: 9-16 MPs/kg (mean 12 + 1.2 MPs/

pU kg)

Lake salt: 43-360 MPs/kg
Rock salt: 7-200 MPs/kg
-PE Sea salt: 550-680 MPs/kg.

Lake salt: 8100 MPs/kg (mean 38 + 14 MPs/

Stereomicroscope
sorting

FTIR
Stereomicroscope
sorting

u-FTIR

Yang et al. (2015)

Stereomicroscope
sorting
j-Raman

Giindogdu (2018)

- PET Sea salt: 16-84 MPs/kg (mean 46 + 13 MPs/

. PMMA kg).
- BVC
- PAG
Rock salt:
PP
Sea salc:
-PU
- PET
- PP
-PE
- PVC
- PA-6
Salt -PP
-PE
- PET
- polyisoprene:
Ps
(copolymer)
- PAN
- PA-6
Salt “PP -
- PET
-PE
-PS
-PVC
- PUR
- PA
- PMMA

160-980 pm

Teabags - PET 50-100 pm and 10—400 nm
- nylon 1-50 pm and 50-600 nm

Teabags - nylon 500 nm to 100 pm.

10 MPs/kg

140-2000 pg/kg

Estimation of 2.3 million micron-sized and 14.7  SEM
billion submicron particles per cup of tea XPS

Mot stated

Stereomicroscope
sorting
Raman

Karami et al. (2017b)

Py-GC/MS Fischer et al. (2019)

Hernandez et al.
(20199

FTIR

NTA

NIR Xu et al. (2021)
FTIR

3.3. Inhalation

Several comprehensive review articles on the contamination of the
atmosphere and breathable ambient air with NMPs already exist
(Amato-Lourenco et al., 2020; Bianco and Passananti, 2020; Chen et al.,
2019; Wieland et al., 2022; Zhang et al., 2020). A recent study extrap-
olated wet and dry deposition data to the whole area of the River Weser
catchment and reported a total MPs deposition of 232 tons. Furthermore
the authors report a MP concentration of 500 MPs per m? even in out-
door environments (Kernchen et al., 2021). Although these numbers
already seem to be relatively high, most studies indicate that exposure to
indoor air seems to comprise a higher likelihood of inhaling NMPs than
that of outdoor air (Dris et al., 2017; Liu et al., 2019; Wieland et al.,
2022). Interestingly, Liao et al. (2021) reported that the mean values of
MPs in indoor air samples were an order of magnitude higher than in
outdoor samples. The United States Environmental Protection Agency
(EPA) described the concentration of chemicals in indoor environments
as 2 to 5 times higher than outdoor concentrations (EPA, 1987).
Although the current data suggest that this seems to apply to the con-
centration of NMP, this needs further investigation. However, since the
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EPA and the WHO estimate that European citizens usually spend
approximately 90 % of their time indoors (Sarigiannis, 2014; US Envi-
ronmental Protection Agency, 1986), in this review, we focus on the
contamination of indoor environments with NMPs.

First attempts to estimate the inhalation of NMPs from indoor air
were made using different methods (Table 5). One way to assess the
contamination with airborne NMPs is by directly filtering the ambient
air (Dris et al., 2017; Liao et al., 2021) or using a breathing mannikin
(Vianello et al., 2019). In addition, passive sampling is another approach
to assess the contamination with NMPs, for instance, via microparticle
sedimentation into openly placed glass wear (Jenner et al., 2021; Soltani
et al., 2021) or collecting dust samples (Dris et al., 2017; Zhang et al.,
2020). To date, there is no doubt of the presence of NMPs in indoor air,
and Wicland et al. (2022) estimated that humans might inhale more
than 48,000 MPs per day.

The abundance of NMPs in indoor environments is likely influenced
by the use of plastics in diverse human activities. Flooring, synthetic
garments, textile and household furniture seem to be the significant
determinants for NMPs contamination of the air as reviewed by Facciola
et al. (Facciola et al, 2021). The highest concentrations of indoor
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Table 5
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Overview of airborne MPs in indoor environments. Polyamide (PA), Polyacrylonitrile (PAN), Polyethylene (PE), Polyethylene terephthalate (PET), Poly(methyl
methacrylate) (PMMA), Polypropylene (PP), Polyvinyl (PV). ATR-FTIR = Attenuated Total Reflection- Fourier-transform infrared spectroscopy, FPA = Focal Plane
Array detector, HPLC = High-performance liquid chromatography Raw data rounded.

Indoor sample Polymer NMP size Reported concentrations Analytical method Ref.
types found
Filtering, passive sampling & - PP Dust samples: Filtering: Stereomicroscope Dris et al
dust samples from a vacuum - PA-cotton 4700-4900 pm range 0.4-59 fibers/m” with a median value of 5.4 fibers/  sorting (2017)
cleaner mixture Indoor air: m* FTIR-ATR
<3300 pm Passive sampling:
range 2.7 to 20 fibers/day, corresponding to a deposition
rate between 1600 and 11,000 ﬁbem/dayfm2
Collected bags of vacuum cleaners:
ranged 190 and 670 fibers/mg dust samples.
Filtering & passive sampling - PE Fibers: Mean concentration: 1600 -+ 1200 MPs/m® Stereomicroscope Liao et al.
- PA 60 + 2.7%: 5-30 ym sorting (2021)
S 29 + 2.3%: 30-100 u-FTIR
pm
11%: =100 pm
Filtering - PE Fibers: Total number of inhaled MPs: 270 MPs FPA-pFTIR- fianello et al.
- PET 13% The average number of inhaled MPs per unit volume: 9.3 (2019)
- nylon Fragments + 5.8 MP/m*
- PP E7%
Size distribution
37-240 pm with a Dsg
of 21-36 pm
Passive sampling - PET - PET concentrations in the range of 29-1.1 » 10° pg/g dust ~ HPLC
-PC sample
PC concentrations in the range of <0.11-1700 pg/g dust
sample
Passive sampling - PET Fibers (90%) Mean MPs concentration: 1400 + 1000 MPs/m” per day p-FTIR Jenner et al.
-PA Fragments (8%) (2021)
- acrylates Film (1%)
- PP Sphere (1%)
- co-polymer Foam (<1%)
blends Size not stated
- PAN
-PE
- PMMA
Passive sampling - PE Fibers: In total, 7400 fibers, 64 fragments and 18 films were Stereomicroscope Soltani et al
- PE:PET - 50-200 pm (5%) collected. sorting (2021)
- PA - 200400 pm (19%)  The deposition rate of fibrous MPs ranged from 22 to 6200  FTIR
- PV - 400-600 pm [17%)  fibers/m® per day with an average of 3100 fibers/m® per
Fragments: day
- 686 um (average)
Films:

-100 pm (average)

airborne MPs (1600 £ 1200 MPs/m3) were reported by Liao et al.
(2021) by active air filtering. They reported that 2/3 of the number of all
particles collected were smaller than 30 pm (Liao et al., 2021). There-
fore, we can speculate that smaller particles dominate airborne MPs,
which is plausible considering that smaller particles remain suspended
in the air longer than larger particles. However, to date, there are no
data on the occurrence and prevalence of MPs smaller than 5 pm in
private indoor environments. Therefore, reliable statements regarding
the potential exposure to small MPs or NPs cannot be made.

In some working environments, the potential of being exposed to
NMPs generated during mechanical and environmental degradation of
plastic goods or by NMPs being added as ingredients to, for example,
printer inks, spray paints, injection mouldings, and abrasive may be
enhanced (Murashov et al., 2020, https://blogs.cdc.gov/niosh-science-
blog/2020,/02/19/microplastics/; Bitounis et al., 2022; Getzlaff et al.,
2019). However, to date, the occurrence and emission sources of NMPs
at workplaces have received little attention. Wieland et al. (2022)
compared workplace concentrations of different airborne microparticles
and associated occupational diseases. As for many particles and fibers,
the physicochemical properties like size, shape, {-potential, adsorbed
molecules and pathogens, and the MPs’ bio-persistence should be
regarded as possible drivers of MPs’ toxicity (Ramsperger et al., 2020,
2021; Wieland et al., 2022). The US National Institute for Occupational
Safety and Health (NIOSH) has defined exposure limits for workers for
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other airborne particles, such as asbestos or silica dust (Wieland et al.,
2022; NIOSH 2020, https://blogs.cdc.gov/niosh-science-blog/2020/0
2/19/microplastics/). To date, NMPs are considered nuisance dust
with a permissible exposure limit (PEL) of 5 mg/m® for respirable dust
(Bartley and Feldman, 1984, guideline 0600 Issue 3). However,
NMP-associated diseases in occupational settings have already been
described and summarized (Burkhart et al., 1999; Prata, 2018; Wieland
et al.,, 2022). For instance, the exposure of workers to vinyl chloride
monomers used for the production of PVC induce DNA damage in
lymphocytes of plastic industry workers (Awara et al., 1998). In addition
to the production of the plastic material itself the processing industry
may pose a potential hazard to workers. Burkhart et al. (1999) analyzed
the workers’ particulate exposure during nylon flocking (applying short
fibers to adhesive-coated surfaces) and found an average respirable
particulate matter of 2.2 mg/’m3. Although this value is below the
NIOSH PEL set for nuisance dust, cases of interstitial lung disease were
suggested to be linked to the detected respirable particles (Burkhart
et al., 1999),

NMPs may be generated via flocking or degradation and from a
bottom-up production mechanism during high energy or high heat
processes. One example is 3D printing, which is becoming popular in
offices and at home, and releases potentially harmful volatile organic
compounds and ultrafine particles into the air (Du Preez et al., 2018).
Some studies compared the particulate release of 3D printers with PLA
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and Acrylonitrile-Butadiene-Styrol-Copolymer (ABS) filaments (Ste-
phens et al., 2013; Vance et al., 2017; Zhang et al., 2019). Zhang et al.
(2019) suggested that particles released from PLA filament 3D printers
were mainly composed of PLA bulk material, whereas particles from
ABS 3D printers differed from the bulk material. In all reported studies
investigating the emission of NMPs during 3D printing, several million
particles were described to be released. For instance, Stephens et al.
(2013) estimated that approximately 2.0 x 10*° and 1.9 x 10! parti-
cles, mainly consisting of particles in the fine to ultrafine range
(<0.2-0.1 pm), are released every minute for a 3D printer utilizing a PLA
and ABS feedstock, respectively. Although it is currently unclear
whether the particles consist purely of the bulk material of the filament,
these numbers are alarming, especially given the duration of the print-
ing processes. Next to 3D printers, laser toner printers are known to emit
high numbers of nanoparticles, including NP (Bello et al., 2021; Getzlaff
et al., 2019). As most of the printing devices are currently sold as stand-
alone devices without any exhaust ventilation or filtering accessories,
the results suggest that caution should be taken when operating in
inadequately ventilated or unfiltered indoor environments, Especially
because the emitted particles are so small that they can deposit in the
deep alveolar region of the lungs upon inhalation (Stephens et al., 2013)
and were discussed to be a severe health threat (Bello et al., 2021;
Bitounis et al., 2022).

3.4. Personal care products (PCPs)

The term PCPs is often used synonymously for cosmetics, although
there is a slight but essential difference. The European Commission
defined cosmetics as follows: “Any substance or preparation intended to
be placed in contact with the external parts of the human body
(epidermis, hair system, nails, lips and external genital organs) or with
the teeth and the mucous membranes of the oral cavity with a view
exclusively or mainly to cleaning them, perfuming them, changing their
appearance, protecting them, keeping them in good condition or cor-
recting body odours.” (European Commission, 2013). However, the term
PCPs is not defined by law, but most PCPs are regulated as cosmetics,
although some PCPs can be regulated as drugs. For instance, the Food &
Drug Administration (FDA) listed PCP drugs as “(...) skin protectants
(such as lip balms and diaper ointments), mouthwashes marketed with
therapeutic claims, antiperspirants, and treatments for dandruff or
acne.” (FDA, 2016). Since both PCPs cosmetics and PCPs drugs are
intentionally applied onto the human body, we decided to not separate
them further concerning NMPs.

The European Commission initiated a restriction procedure on MPs
in cosmetics in January 2018. Although an adopted restriction (if agreed
by the member states) for the European Union is expected by 2022
(Anagnosti et al.,, 2021; https://www.europarl.europa.eu/doceo/docu
ment/E-9-2021-003388_EN.html), several European countries have
already banned the intentional use of MPs in PCPs (Kentin and Kaarto,
2018). However, one of the main difficulties in proposing a general re-
striction of MPs in PCPs is the lack of a definition of the size range of MPs
(Kentin and Kaarto, 2018). In the initiated proposal, the size of MPs was
set to be lower than 5 mm in size without a lower threshold (ECHA 2021,
https://www.europarl.europa.eu/doceo/document,/E-9-2021-003388
_EN.html). Although the industry has already responded to the pressure
from non-governmental organizations and the concerned public by
excluding MPs from several products (Anagnosti et al., 2021), the use of
MPs is neither restricted in the European Union nor worldwide. There-
fore, PCPs can still contain NMPs.

MPs are intentionally added to PCPs for different functions like vis-
cosity regulators, emulsifiers, glitters, skin conditioning, exfoliants,
abrasives, and many more (UNEP, 2015; Yurtsever, 2019). Depending
on the desired function of the added MPs to PCPs, different polymer
types, shapes, and sizes are used. The most often used polymer type is PE
in various shapes and sizes (Gouin and Brunning, 2015; UNEP, 2015).
Interestingly, the information on the main size ranges found in the
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literature is highly heterogeneous and depends on the intended function
of the added polymer. For example, Gouin and Brunning (2015) sum-
marized that particles smaller than 60 pm are ineffective as abrasion and
exfoliation and the optimum size is around 450 pm. However, Sun et al.
(2020) propose that the diameters of MPs added to PCPs range from 24
pum to 2 mm, with more than 95% smaller than 350 pym. The United
Nations Environment Programme (UNEP, 2015) highlighted that the
primary size of MPs in PCPs lays in between 1 and 50 pm. The size of the
added MPs seems to depend on the product type (Sun et al., 2020). For
example, in toothpaste, the reported sizes range from 4 - 20 pm (Ustabasi
and Baysal, 2019) and 3-145 pm (Praveena et al., 2018). In facial scrubs,
sizes were reported between 10-178 pm (Praveena et al., 2018) and 313
+ 130 pm (Lei et al., 2017) and in shower gels of about 422 + 185 pm
(Lei et al., 2017).

Next to the variations in size, MP concentrations are also highly
different in PCPs. Variations from less than 1 % (Ustabasi and Baysal,
2019) up to 90 % were reported (UNEP, 2015), Sun et al. (2020)
described the concentrations of MPs in PCPs and found the documented
concentrations ranging from 2.15 particles per gram up to 3.11 x 10°
particles per gram.

Besides the fact that MPs intentionally added to PCPs contribute to
overall environmental pollution (Gouin and Brunning, 2015; Praveena
et al., 2018), when washed off the body, the direct exposure of humans
to the particles is a potential pathway of MPs entering the human body.
Especially MPs in toothpaste and other cosmetics applied on mucosa
may potentially translocate directly into the human body. For example,
swallowing or incomplete rinsing of the mouth after tooth brushing
leads to a transfer of MPs into the GIT. Another vulnerable area where
PCPs contact the human body is the eye. The skin is relatively thin, and
the mucous membrane interacts directly with the environment when the
eye is open. Potential contact of the eye’s mucous membrane with NMPs
can occur through eye shadow and other cosmetic products, contact
lenses, and NMPs in the air. As the global PCPs market and the use of
contact lenses continue to increase, it is essential to investigate eye and
eye care products as a potential gateway for NMPs into our bodies and
the environment (https://www.statista.com/statistics/297070/growth
rate-of-the-global-cosmetics-market/; https://www statista.com/study
/48868 /contact-lenses-report/). Contact lenses could release NMPs
themselves when worn, as they are often made of hydrogel polymers, on
the other hand, NMPs from the air could stick to the contact lenses and
thus be taken up by ocular surface epithelial cells through prolonged
contact time (Burgener and Bhamla, 2021). In addition, glitter,
commonly used in eye shadow, can be identified as a primary source of
MPs entering the environment and possibly the human body. Glitter,
usually in hexagonal form, consists of a core polymer of PET coated with
colored aluminum and a transparent polymer, which produces the
typical sparkle (Tagg and Ivar do Sul, 2019; Yurtsever, 2019). There are
no studies examining the uptake of NMPs by ocular epithelial cells, nor
are there any studies showing the presence or accumulation of NMPs in
ocular tissues. Hence the relevance of this translocation pathway is
unclear.

Other PCPs used by a large part of society are contraceptives and
period products. For instance, condoms are a relatively safe, effective,
user-controlled contraceptive method that is easy to use and relatively
inexpensive. Although the highest share of condom material used on the
market are latex, condoms made of polyurethan (PU) or elastomers have
already been introduced to the market in the early 1990s (Gallo et al.,
2006). Furthermore, Munoz et al. (2022) recently showed that 12 of 24
period products directly in contact with the vaginal wall contained
plastic. These products released fibers during in vitro tests and frag-
mented to release up to 17 billion NPs per tampon. A relatively high
number of condoms (Lambert et al., 2013) and period products are
disposed of down the toilet entering waste water treatment plants or are
released to the environments via improper waste disposal, where they
may release a substantial number of NMPs, Besides their contribution to
environmental pollution with NMPs, it has not been shown whether
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condoms made of plastic or plastic containing period products release
NMPs during usage and whether potentially released particles may
interact with the respective tissues.

4, Translocation of NMPs into human tissues

The translocation of NMPs to our body compartments may occur
after applying NMPs-containing PCPs to the skin or after ingestion and
inhalation. The potential translocation pathways for the respective pri-
marily exposed organs are described in the following. Since the trans-
location mechanisms of particulate matter through the human skin is
distinct from those within the GUT and lung, we decided to describe the
mechanisms separately.

4.1. Human skin
Applying PCPs-containing NMPs onto our skin can directly facilitate

the particles translocating from the skin into deeper tissue layers.
However, the translocation of particulate matter into the skin is complex

(Schneider et al., 2009), The human skin comprises four layers: the
stratum corneum, the viable dermis, the dermis and the subcutaneous
connective tissue (Desai et al., 2010). The stratum corneum is the

outermost layer and provides an effective defensive barrier against
particulate matter and pathogens in a healthy status. Schneider et al.
(2009) comprehensively reviewed the reported translocation of nano-
particles through the human skin. One potential pathway to how par-
ticulate matter could be transported through the skin barrier is via the
transappendageal pathway across hair follicles, sebaceous glands, and
sweat glands (Desai et al., 2010; Schneider et al.,, 2009). Vogt et al.
(2006) detected a high density of Langerhans cells (dendritic cells)
around hair follicles, capable of internalizing nanoparticles of various
sizes, whereas the transport across the epidermis was restricted to 40 nm
particles in their experimental setup. However, it has to be noted that
the transappendageal pathway is restricted to a relatively small area
since the total amount of openings amounts between 0.1 and 1.3% of the
entire skin (Bos and Meinardi, 2000; Schneider et al., 2009). Never-
theless, keeping in mind the very high concentration of NMPs in some
PCPs described above, the translocation of NMPs via the trans-
appendageal pathway might be relevant to consider.

Bos and Meinardi (2000) proposed the 500 Dalton rule by investi-
gating the molecular weight of common contact allergens and topical
drugs. They conclude that a molecular weight increasing over 500
Dalton leads to a rapid decline in human skin absorption. Assuming a
spherical PS particle with a density of 1.05 g/cm?, it should not exceed a
size of 1.15 nm to be absorbed directly by the skin. However, Schneider
etal. (2009) proposed that next to the size, the particles’ properties and
skin’s health status are important factors for translocation. Kohli and
Alpar (2004) tested differently charged PS particles of different sizes
(50, 100, 200 and 500 nm, positive, negative and neutral charge). They
showed that only 50 and 500 nm negatively charged particles pene-
trated the investigated pigskin. They assume that the density of the
negative charges of the 50 and 500 nm particles is higher (50 nm
because of the high surface ratio and 500 nm because of a higher number
of functional groups) compared to the 100 and 200 nm particles,
enabling the interaction and translocation through the skin (Kohli and
Alpar, 2004). However, the skin was mechanically stressed, which could
impede the barrier function and allow the particles’ translocation.
Furthermore, the human skin has unique properties, and translocation
studies performed in animal models are of limited use for understanding
the human skin barrier (Bos and Meinardi, 2000). Larese Filon et al.
(2015) comprehensively reviewed the size-dependent translocation of
nanoparticles across the human skin. They conclude that nanoparticles
can cross the intact skin if their sizes do not exceed 4 nm, nanoparticles
between 4-20 nm can potentially cross intact and damaged skin,
nanoparticles between 21 and 45 nm can cross only damaged skin, and
nanoparticles with sizes =45 nm cannot translocate through the human
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skin. However, they also highlighted that the material properties (metal
or non-metal nanoparticles) are important factors (Larese Filon et al.,
2015). No studies are reporting the translocation of NMPs through the
human skin to our best knowledge.

4.2. Gastrointestinal tract

NMPs entering the human body via ingestion will encounter different
defense mechanisms against tissue translocation. The first line of de-
fense a particle would experience after entering the GIT is the mucus
layer produced by the enterocytes in the form of membrane-bound
mucins and the goblet cells in the form of secretory mucins. The
mucus layer coats the interior surface of the digestive tract and is
essential in the maintenance of intestinal homeostasis (Herath et al.,
2020). In a healthy GIT, the mucus layer serves as a permeable barrier
allowing the absorption of nutrients but limiting the transport of path-
ogens and microorganisms to the gut epithelial cells (Rackaityte and
Lynch, 2020; Vancamelbeke and Vermeire, 2018). However, in vivo
experiments with mice showed that due to oral exposure to NMPs, the
intestinal microbiome’s composition can be altered, leading to dysbiosis

(Lu et al.,, 2018). Dysbiosis can change the thickness of the mucus layer
and could result in abnormal mucus invasion and epithelial adherence of
pathogens (Herath et al., 2020) or may even allow NMPs to interact with

the epithelial layer directly. Moreover, the intestinal microbiota is
considered a metabolic organ that may contribute to the metabolic
health of the human host and, when imbalanced, to the pathogenesis of
different disorders. Tamargo et al. (2022) evaluated the effects of the
digestion of MPs on the human gut microbiota using feces from healthy
donors and the internationally validated Dynamic Gastrointestinal
Simulator simgi® model that represents the main functional sections of
the digestive tract. The feeding with MPs altered human microbial
colonic community composition, promoting the formation of biofilms
and MPs biodegradation through digestion by intestinal bacteria
(Tamargo et al., 2022).

4.3. Lung

The defense mechanisms associated with the ingestion of NMPs do
not seem to depend as closely on particle sizes, as is the case for NMPs
inhalation, the first line of defense depends on the particle sizes. The
exposure to airborne particles is usually classified by the particles’
aerodynamic diameter, with PMjp (coarse particles < 10 pm), PMas
(fine particles < 2.5 pm) and PMg; (ultrafine particles < 0.1 pm). The
occurrence of atmospheric MPs of PM; have already been reported
(Kernchen et al., 2021) and the inhalation of NMP is therefore generally
possible. PM;, are usually trapped in the nasopharyngeal area by hair
and mucus, whereas PM 5 can reach the bronchioles and alveoli. PMj 4
can directly translocate transcellularly across the alveolar epithelium
(Cooper and Loxham, 2019; Schraufnagel, 2020). However, defensive
mechanisms against PMy 5 g1 also occur within the respiratory system.
The epithelial layer contains, similar to the GIT, goblet cells contributing
to a mucus layer entrapping inhaled particles. By ciliary beating (the so-
called mucociliary escalator mechanism), even PMg ; can be transported
within the mucus towards the mouth, where the mucus can be expelled
or swallowed (Schraufnagel, 2020).

4.4. Transport of NMP across the biological barriers of the GIT and lung

When entrapped within the mucus of the respiratory system or the
GIT, a particle can also be transported towards the epithelial layer
(Hussain et al., 2001). Here, two potential pathways for the transport
from one side of the epithelium to the other can occur. In epithelial cells,
small particles (<100 nm) are more easily transported transcellularly
through the epithelium by endocytosis than larger particles (in the lower
micrometer range), which are transported paracellularly (Boland et al.,
1999; Volkheimer, 1975, 1977; Zeytin et al., 2020). The paracellular
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transport is mainly regulated through the presence of junctional com-
plexes, like tight junctions, adherence junctions and desmosomes. Tight
junctions are the apical-most adhesive complexes sealing the intercel-
lular space (Vancamelbeke and Vermeire, 2018) and make the para-
cellular transport of particles challenging. However, goblet cells
interrupt the network of tight junctions, loosening the tight junctions
between epithelial and neighboring goblet cells, consequently allowing
the transport of particulate matter in a paracellular manner (Vol-
kheimer, 1977). Within the GIT, the transcellular pathway is also
involved in internalizing larger molecules, pathogens and microorgan-
isms (Vancamelbeke and Vermeire, 2018). Once NMPs may have
crossed the epithelial layer of the lung, gastrointestinal tract or skin,
there is another line of defense. Underneath the dermis of the skin, the
interstitium of the lung or the lamina propria in the GIT, i.e. all corre-
sponding tissues directly under the epithelial layer, there are various
immune cells such as macrophages, dendritic cells, T and B lympho-
cytes, eosinophils and mast cells.

The lamina propria of the entire GIT is richly populated with diffusely
distributed immune cells of different type. Furthermore, it additionally
contains situated solitary lymphoid follicles, covered by the so-called
follicle-associated epithelium (FAE). Whole aggregates of lymphoid
follicles, mainly found in the wall of the ileum and appendix vermi-
formis, are called aggregated lymph follicles or Peyer's patches. The
surface of each follicle is domed by propria tissue and covered with FAE
(so-called dome epithelium). Intestinal villi and crypts are missing here,
there are no goblet cells, and the mucus is very thin or missing. Instead,
M-cells (M = microfold, this cell type is named after its’ physiological
appearance as the cells have no microvilli but only short microplicae. M-
cells can amount 10-15% of the cells in the FAE) are firmly anchored
within the epithelium in between enterocytes and can internalize par-
ticulate matter, even the size of bacteria (Foged et al., 2005; Hussain
et al., 2001; Owen, 1999). M cells transport molecules and particulate
matter into pockets, in which migrating lymphocytes, macrophages, and
dendritic cells are found (Owen, 1999). With the initiation of an immune
response activated B-lymphocytes differentiate into plasma cell pre-
cursors on site or in neighboring mesentery lymph nodes where the
immune response is further set in motion. The plasma cell precursors
differentiate to mature Immunoglobulin A-producing plasma cells that
produce an antibody directed against the initial antigen. In addition,
dendritic cells push - outside the FAE regions - long projections between
the enterocytes into the intestinal lumen to further sense for pathogens
or release cytokines (Scott et al., 2005). Furthermore, dendritic cells are
in principle capable of internalizing PS particles up to 15 pm in size
(Foged et al., 2005),

If, for example, microorganisms or NMP penetrate the mucus and
epithelial layer of the GIT, they may be phagocytosed by macrophages in
the lamina propria (Grainger et al., 2017). These are ideally positioned to
ingest and eliminate any bacteria that have passed through (Bain and
Schridde, 2018). In principle, macrophages in the lamina propria can
trigger the described inflammatory responses, but usually show a silent
response to the invader in a healthy organism (Bain and Schridde, 2018;
Grainger et al., 2017). However, if specific antigens are perceived or
there is increased invasion with pathogens, the immune cells (especially
macrophages and dendritic cells) can trigger an inflammatory process by
releasing cytokines or migrating into the mesenteric lymph nodes and
initiating an immune response, After initiation of the immune response,
cells reach the blood circulation via the lymph vessels, lymph nodes and
finally the thoracic duct, to be distributed throughout the whole or-
ganism (Hampton and Chtanova, 2019; Owen, 1999).

The actual transport of NMPs across biological barriers that may
trigger inflammatory responses has not yet been demonstrated. How-
ever, in vitro experiments showed that macrophages are in principle able
to internalize MPs (Ramsperger et al., 2021; Stock et al., 2021), which is
even enhanced in the case of environmentally exposed particles coated
with an eco-corona (Ramsperger et al., 2020). After particle interaction,
NMPs have been shown to trigger inflammatory responses in epithelial
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cells (Wu et al.,, 2020) and macrophages (Volkl et al., 2022). The
transport of NMPs across more realistic biological barrier models was
shown by using single cell culture approaches (Xu et al., 2019) and co-
culture of cell lines representing small intestinal barrier models (Stock
et al,, 2021, DeLoid et al., 2021; Hesler et al., 2019), Furthermore, first
attempts were made to estimate the uptake and potential effects of MP
on organoid structures of the lung (Song et al., 2022) and intestine (Hou
et al., 2022). Here, although MP fibers showed no adverse effects on
mature organoids the development of lung organoids was hampered by
the presence of MP fibers. The authors state, that the development of
lung tissue of young children may be affected by airborne NMP, how-
ever, this needs further investigations (Song et al., 2022). The exposure
of NP to intestinal organoids resulted in an accumulation of NP mainly in
goblet, Paneth and endocrine cells, which consequently induced
apoptosis and inflammatory responses (Hou et al., 2022),

Furthermore, in vivo studies using mouse model systems revealed the
translocation of model nanoparticles from the lungs to the systemic
circulation (Campagnolo et al., 2017; Miller et al.,, 2017; Raftis and
Miller, 2019; Stapleton et al., 2012), Miller et al. (2017) and Raftis and
Miller (2019) exposed healthy human volunteers to 5 nm gold nano-
particles via inhalation and detected the particles in the blood even three
months after exposure. This retention indicates that for small NPs,
translocation from the respiratory system in healthy human beings into
the blood circulation may be possible. Interestingly, Burkhart et al.
(1999) linked the workers’ exposure to plastic products with interstitial
lung diseases, suggesting that the transport of NMPs and the subsequent
inflammatory response are generally possible in human.

To our best knowledge, no empirical in vivo studies with volunteer
human beings exposed to NMPs either via inhalation, ingestion or
dermal exposure were conducted. Therefore, we reviewed the fate of
NMPs in different human tissue samples to estimate the amount of NMP
present in human tissues and their overall translocation within the
human body.

5. The fate of NMPs within the human body

There is a lack of scientific literature documenting the occurrence of
NMPs in humans. However, already more than twenty years ago, Pauly
et al. (1998) described the presence of fibers in cancerous and non-
pathologic human lung tissues. They found fibers in 87% of human
lung specimens and discussed that some fibers were made of plastic due
to their shape and structure. Since the aim of the study was not to pri-
marily distinguish between natural and plastic fibers, the polymeric
composition was not investigated spectroscopically (Pauly et al., 1998).
In a more recent study, applying Raman spectroscopy on 20 routine
coroner autopsy samples from individuals living in Sao Paulo, polymeric
particles and fibers were detected in 13 samples (Amato-Lourenco et al.,
2021). In total, 31 MPs were detected, of which 88% were fragments
(mean size: 3.9 + 0.7 pm) and 13% fibers (mean fiber length: 11 + 2
pum). Although PMj, is usually trapped in the nasopharyngeal region
(Cooper and Loxham, 2019; Schraufnagel, 2020), smaller particles may
potentially be inhaled, entering deeper lung regions. However, a recent
study found MP much larger than PM; in different regions of the human
lung (mean particle length: 105.22 + 92.82 pm, mean particle width:
34.44 + 22.61 pm) (Jenner et al., 2022). Purthermore, Huang et al.
(2022) indirectly measured the contamination of the human lung with
NMPs using sputum samples of 22 volunteers. They found different
polymer types mainly smaller than 500 pm (median: 75.43 pm). To
monitor potential procedural contamination, they conducted one blank
sample. Subsequently, the authors corrected the sputum samples with
the blank sample value and found a median number of 39.5 MPs/10 mL
sputum.

Two pilot studies on the contamination of the human placenta with
NMPs were conducted (Braun et al., 2021; Ragusa et al., 2021). Both
studies showed the contamination of human placenta samples from
vaginal (Ragusa et al., 2021) and cesarean delivery (Braun et al., 2021).
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Furthermore, one study investigated MPs in human colon tissue samples
(Ibrahim et al., 2021). They found a mean of 28 MPs/g colon sample,
with 96% of all MPs being fibers of approximately 1 mm length. Inter-
estingly, the authors found mainly fibers in their samples, whereas in
human stool samples, mainly fragment- and film-shaped MPs were
detected (Schwabl et al., 2019), A second study confirmed the presence
of MPs in human stool samples but unfortunately no information
regarding the shape of the MPs were given (N. “hang el al., 2021).
Therefore, we can only speculate that the differences in the observed
shapes from colon and stool samples could either derive from differences
in the sample collection, procedure, and subsequent measurements or by
the fact that fibers are more likely to stick to the colon tissues than
fragments and films that are more easily released. However, this is
highly speculative and needs further investigation. Just recently, Hor-
vatits et al. (2022) described the presence of MPs in human liver, spleen
and kidney samples. Out of 17 tissue samples, the authors found six MPs
ranging from 4-30 pm in size. Another study investigated NMPs in
human blood samples (Leslie et al., 2022), The authors found a mean
NMPs concentration of 1.6 pg/mL of blood by using Py-GCMS. It has to
be noted that the particle size distribution is defined by the opening of
the venipuncture (0.5 mm, upper limit) and the filter mesh size (700 nm,
lower limit). The authors aimed to detect five different polymer types
(PET, PE, PS, PMMA and PP). All polymer types were detected except for
PP.

At this point, we would like to emphasise that in both the exposure
studies and the fate studies different sampling procedures and analytical
techniques have been applied while quality assurance and quality con-
trol (QA/QC) measures are often lacking. A few studies investigated the
quality and reliability of data and whether a proper risk assessment can
be performed based on current knowledge. For instance, Koelmans et al.
(2019) determined the reliability of studies using nine quality control
criteria in a systematic review, including 50 publications on NMPs in
freshwater, wastewater and drinking water. They concluded that out of
the 50 publications, only 4 scored positive in all criteria and can be
considered reliable data. Furthermore, Coffin et al. (2022) aimed to
develop and evaluate the feasibility and confidence in deriving a human
health-based threshold value for MPs in drinking water. The authors
scored the quality of the reviewed publications and concluded that
currently, the uncertainties in the data are too high to develop a human
health-based threshold for drinking water quality. The conclusion of
Coffin et al. (2022) is in great agreement with the WHO report (2022),
indicating that “(...) the available data are of only very limited use for
assessing the risk of NMP to human health”.

Therefore, we would like to highlight that the comparability between
studies is challenging and the interpretation of the presented results
above should be taken with caution.

6. Reasons why reported studies should be interpreted critically

In our review article, we described the current knowledge of the
NMP contamination of the most relevant (1) exposure routes to humans,
the potential (2) translocation mechanisms of NMP across biological
barriers and summarized the studies of the (3) fate of NMP in human
tissues and fluids. Although our review article did not aim to compare
contamination levels of NMP in the different studies investigating
exposure scenarios and the fate of NMP in human tissues, it is essential
to keep several aspects in mind. Other review articles have already
addressed the analytical challenges for assessing NMPs in matrices
relevant to human exposure and described the crucial steps during
sample collection and processing (Alexy et al., 2020; Koelmans et al.,
2020; Noventa et al., 2021; Van Raamsdonk et al., 2020; Toussaint et al.,
2019; Wright and Kelly, 2017). Especially sufficient QA/QC in NMP
analysis are essential. Considering that NMPs are usually found every-
where in the laboratory environment, the possible contamination of a
sample (exposure template or human tissues and fluids) should be kept
in mind. In brief, using procedural blank samples in every step is critical
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to monitor potential contamination during sampling and sample pro-
cessing. Further information on how to sufficiently perform QA/QC in
NMP research can be found elsewhere (Brander et al., 2020; Enders
et al., 2020; Moller et al., 2020). However, even if QA/QC measures
have been addressed, studies must be critically viewed. For instance, in
Ragusa et al. (2021), the authors state that they performed procedural
blanks and corrected the samples with the blank values; however, the
numbers of particles found in the blanks are not stated and therefore, it
is hard to interpret the data. Furthermore, they state that they have
excluded fibers from their analysis as they could not use laminar airflow
cabinets during sample processing. However, NMP fragments also occur
in the ambient air and may contribute to the potential airborne
contamination of the samples. Another example is the Study of Thrahim
et al. (2021). The authors followed several steps to prevent airborne
plastic contamination: E.g. cotton lab wear was worn, liquid reagents
were prefiltered before usage (although no mesh sizes were stated), test
devices were pre-cleaned, and the use of plastic items for sample pro-
cessing was kept to a minimum. Here it must be noted that although the
authors used blank samples during microscopy, they did not describe the
use of blanks during sample collection but have pre-checked the
formalin fixative and filters for plastic contamination (Ibrahim et al.,
2021).

Given the limitations of state-of-the-art analytical methods, particle
numbers and sizes found in exposure matrices and in human tissues and
fluids may not reflect accurate numbers. Moller et al. (2020) summa-
rized the advantages and disadvantages of the different techniques used
in NMP identification. In brief, visual sorting or hot needle tests are
highly error-prone and not recommended. In contrast, vibrational
spectroscopy and chromatographic techniques are state-of-the-art and
suitable MP identification techniques. Vibrational techniques include
Raman or Fourier transform infrared (FTIR) spectroscopy and allow the
precise identification of different polymer types. However, it must be
noted that a particle’s detection limit is at ~1 pm for Raman and —~10
um for FTIR (depending on the instrument); therefore, smaller MP and
NP cannot be detected.

On the other hand, chromatographic techniques such as pyrolysis-
gas chromatography-mass spectrometry (py-GCMS) or thermal extrac-
tion desorption GCMS (TED-GCMS) can identify MP and even NP within
a non-treated sample. However, both methods can only measure rela-
tively small sample sizes and are destructive. Therefore, no information
can be given about the number of particles, size and shape (Moller et al.,
2020), However, by comparing different particulate contaminants,
Wieland et al. (2022) concluded that the size, shape and surface prop-
erties play a decisive role in particle toxicity and should be considered.
In principle, to determine the size of NMP, the samples could be filtered
and therefore grouped in different size classes and subsequently
analyzed with py- or TED-GCMS. However, due to the pre-processing of
the sample, the decisive advantage that no sample preparation is
necessary for chromatographic methods is lost, and the prior processing
of the samples create the risk of sample contamination or loss of
particles.

Another commonly used method in the presented studies is scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDS) emission detection. However, an accurate interpretation of
the spectra is only possible for flat-polished samples or thin films with
irrelevant topography (Girao, 2020). Therefore, due to the different
limitations of the various methods as well as the potential contamination
of a sample, both the numbers and the polymer types should be critically
viewed in the reported studies.

If one considers the translocation mechanisms described earlier in
our review article, the size of the particles seems to be one of the driving
factors for tissue translocation. For instance, the translocation of parti-
cles in healthy human skin is determined by their size, which should not
exceed the lower nanometer size range. For the GI and lung, the particles
should not exceed sizes of the lower micrometre size range, namely <10
pm or even smaller, with an increasing translocation potential with
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decreasing particle sizes. Particulate matter's size-related transport
across biological barriers was investigated in vitro and in vivo. In rodent
models, it was shown in vivo that radioactive-labelled NPs are more
likely to be translocated within the GIT mucosa than MPs. The smaller
NPs (50 and 100 nm) showed a higher adsorption rate than 1 pm MP
particles (33, 26 and 4.5%, respectively) (Jani et al., 1990). Further-
more, after intratracheal exposure of mice to 20 nm rhodamine-labelled
polystyrene NPs the particles could be detected in maternal and fetal
tissues (Fournier et al., 2020). However, it has to be noted that it cannot
entirely be ruled out that the labelling of the used particles may have
leached, and it was not the particles per se being detected. Furthermore,
using an in vitro model of the small intestinal epithelium, DelLoid et al.
(2021) showed significantly higher uptake of small NPs (25 nm
carboxylated PS spheres) than larger particles. However, Stock et al.
(2019), using a similar epithelial model, demonstrated that the uptake of
MP (1, 4 and 10 pm) is generally possible.

Keeping the potential for tissue translocation in mind, most particle
sizes detected in the exposure matrices are much larger than the
described particle sizes for translocation mechanisms. For instance, the
smallest NMP sizes described in the exposure scenario studies presented
in this review are in the lower micrometre size range: 1-50 pm (Her-
nandez et al., 2019), 1.5-2.5 pm (Oliveri Conti et al., 2020), 2-180 pm
(Diaz-Basantes et al., 2020), 3-60 pm (Kumar et al., 2021), 3-145 pym
(Praveena etal., 2018), 4-20 pm (Ustabasi et al. 2019), <5 pm (Olimann
et al., 2018) and 5-20 pm (Schymanski et al., 2018). However, not all
studies present clear evidence that the small fraction of the reported
NMP in the exposure matrices are indeed plastic particles. For instance,
Praveena et al. (2018) performed FTIR analysis only on the larger
fraction of isolated NMPs. Ustabasi and Baysal (2019) did not perform
FTIR analysis on single particles but measured a film consisting of par-
ticle aggregates. Diaz-Basantes et al. (2020) used FTIR to identify the
polymeric composition of 10 particles per sample. The particles must be
larger than the instrument's detection limits; therefore, the authors
cannot conclude the presence of small NMPs.

In the fate studies, very small MPs (<3 pm) or NPs were also not
reported or insufficiently identified. The smallest particles found in
human tissues were 2 pm in the lung (Amato-Lourenco et al., 2021), 3.3
pm in liver (Horvatits et al., 2022}, and 5-10 pm in human placenta
(Ragusa et al., 2021). Horvatits et al. (2022) stained the isolated par-
ticulate matter with Nile Red and measured only a few particles with
Raman spectroscopy. The authors do not state the size of the identified
MP; therefore, no conclusions can be drawn whether all small particles
are of polymeric origin.

Next to the size and shape of NMPs, their concentration plays a
decisive role. For instance, the concentration of NMP found in blood
samples seems to be rather high since concentrations reported in surface
waters or bottled waters were by a factor of 22 and 8.300 lower (1.6 pg/
mL in blood (Leslie et al., 2022), 0.073 pg/mL in surface waters and
0.000193 pg/mL in bottled drinking water (only PET detected) (Eraun
et al., 2021). One may assume that the constant exposure of humans to
NMP may lead to their accumulation in tissues and blood, even
exceeding environmental concentrations. However, whether an accu-
mulation of NMP in human tissues and blood is realistic needs further
investigation.

Here would like to emphasise that particle properties other than size
or shape are rearly reported in these studies, although different prop-
erties can contribute to the particles’ potential to cross biological bar-
riers. To date, most studies used model NMP particles, like polystyrene
spheres which do not resemble particles present within the exposure
matrices. Environmentally relevant NMPs have various sizes and shapes
with different surface modifications and are not uniform spherical par-
ticles of homogenous sizes. Furthermore, the use of model NMPs in ef-
fect studies has been considered insufficient since the choice of the
commercial source of the model NMPs can significantly affect the
experimental output, and the particles should be characterized in detail
(Ramsperger et al., 2021). In contrast, weathered NMPs should be used
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since it has been shown that an eco-corona (Ramsperger et al., 2020) or
the artificial UV-aging of particles (Vilkl et al., 2022) alters the surface
of the particle leading to differences in the particle-cell interactions and
cellular responses. This aspect is also highlighted by the fact that the MP
found in human tissue samples is irregular, like fragments or fibres. To
date, we have a discrepancy between the studies on the transport of
spherical NMP across biological barriers and the properties of the par-
ticles described in the fate studies. Therefore, reliable statements of how
non-spherical particles can potentially enter the tissues and whether the
concentrations found in the tissues are meaningful cannot be made to
date.

6.1. Risk assessments of NMP exposure to humans

The presence of NMP may cause oxidative stress and cytotoxicity,
either due to the particles’ physical or chemical properties or the
exposed tissue’s response (Prata et al., 2020). Altered metabolism,
neurotoxicity, reproductive toxicity, and immune function disruption
are also potential health risks (Prata et al., 2020; Rahman et al., 2021).
However, these assumptions are predominantly based on observations
in animal models or in vitro approaches, It remains unclear whether the
toxicological effects observed in animal models are transferable to
humans (SAPEA, 2019).

In general, it is doubted that without extensive standardization,
representative reference materials, and inclusion of physicochemical
properties and associated substances, a realistic assessment of human
health risks is possible (Brachner et al., 2020; Vethaak and Legler,
2021). Toxic effects may also depend on specific properties such as
shape, surface charge or residual monomers of the plastic particles. Kooi
and Koelmans, therefore, propose to consider continuous scales for
probabilistic risk assessment of microplastics (Kooi and Koelmans,
2019). Ultimately, however, the complex mixtures of different chem-
icals found in environmental samples of NMPs may present too high a
hurdle to separate the different effects of combinations of chemicals and
particles (Gouin et al., 2022). Recent studies pointed to the need for
adopting tools and models to estimate the exposure and fate of NMPs to
perform a risk assessment. For example, modelling human exposure to
MP and the associated chemicals needs to consider MPs’ characteristics
and leaching rates of chemicals in a combined manner for a holistic risk
assessment (e.g., Mohamed Nor et al., 2021). Screening and prioritiza-
tion tools for hazard data are also needed to ensure the use of fit-for-
purpose data for risk assessment (Gouin et al., 2022).

Overall, promising steps have been made toward identifying and
prioritizing major research needs, limitations in microplastic risk
assessment, and the development of the respective tools and models
(Gouin et al., 2019; Mehinto et al., 2022). However, a fully operational
human health risk assessment is not available to date. Even if only small
fractions of NMP can overcome epithelial barriers, the long-term effects
of persistent particles and associated chemicals should not be under-
estimated (Vethaak and Legler, 2021).

7. Conclusion

We describe in this review the various sources and exposure routes of
how humans can come into contact with NMPs. We detected three main
pathways of how NMPs enter food: First, the contamination of the
environment with NMPs determines the contamination of food items (e.
g., the contaminated waters determine the contamination of blue meat).
Secondly, NMPs can enter food through industrial processing and
thirdly, NMPs can enter food through packaging and atmospheric
deposition. Concerning the sources, in almost all matrices, NMPs were
detected, emphasizing various human exposure sources via drinking
water, food, air and PCPs. It is widely accepted that as particle size
decreases, interaction with tissue and individual cells increases. From
the three exposure routes of NMPs to humans, size-dependent defence
mechanisms occur for the skin and inhalation, whereas in principle
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NMPs of any size can be ingested. The translocation through the skin is
either restricted to particles in the lower nanometer size range or may
occur via the transappendageal pathway, restricted to a very small
percentage of the skin area (up to 1.3%). As described above, the res-
piratory system of humans is also equipped with size-dependent defense
mechanisms, usually retaining larger NMPs before entering the deeper
lung tissue. However, to date, the few studies on the fate of MPs in
human tissues, also within the lung, detected particles in a size range of a
few micrometers. The fact that it is often not stated in the presented
studies which, or if, QA/QC measures were taken, makes it difficult to
draw conclusions on the actual exposure level of biologically relevant
particle sizes and whether the NMP found in human tissues and fluids
are meaningful. Although first studies indicate the presence of small
NMP in exposure matrices and human tissues and fluids, we highly
recommend, to critically read and interpretate current literature, to not
overinterprate the current understanding in NMP research regarding
human health. Research into very small MPs and NPs is still in its in-
fancy. Consistently further development of reliable methods for the
isolation, purification and analysis of small MPs and NPs is urgently
needed to make accurate statements regarding the exposure and fate of
NMPs within the human body.
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Abstract: Plastics entering the environment can not only undergo physical degradation and
fragmentation processes, but they also tend to be colonized by microorganisms. Microbial colonization
and the subsequent biofilm formation on plastics can alter their palatability to organisms and resultina
higher ingestion as compared to pristine plastics. To date, the early stage of biofilm formation on plastic
materials has not been investigated in context of the environmental medium and polymer properties.
We explored the early-stage biofilm formation on polyamide (PA), polyethylene terephthalate (PET),
and polyvinyl chloride (PVC) after incubation in freshwater and artificial seawater and categorized
the structural diversity on images obtained via scanning electron microscopy. Furthermore, by the
measurement of the initial (-potential of the plastic materials, we found that PA with the highest
negative (-potential tended to have the highest structural diversity, followed by PET and PVC
after incubation in freshwater. However, PVC with the lowest negative (-potential showed the
highest structural diversity after incubation in seawater, indicating that the structural diversity is
additionally dependent on the incubation medium. Our results give insights into how the incubation
medium and polymer properties can influence the early-stage biofilm formation of just recently
environmentally exposed microplastics. These differences are responsible for whether organisms
may ingest microplastic particles with their food or not.

Keywords: microplastic; plastic; biofilm; SEM; {-potential; EPS

1. Introduction

Plastic materials have a considerable number of favorable properties, amongst others their
lightweight, versatility, and longevity [1]. However, once plastics enter the environment, their longevity
is a disadvantage that prevents their degradation and promotes their accumulation in the
environment [2]. There, most plastic items break down into smaller pieces. Those smaller plastic
particles are defined as microplastic particles [3] if their size is smaller than 5 mm [4]. Meanwhile,
microplastic particles are detected in all environmental compartments, ranging from marine [5] and
limnetic environments [6] over soils [7] up to the atmosphere [8,9]. The occurrence of microplastic
particles in the environment is not necessarily restricted to areas of high human activities such as
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in urban areas because microplastic particles are also found in remote mountain lakes [10], remote
islands [11], the Antarctica [12], and even in the deep sea [13]. Once plastics enter an environmental
compartment, they may pose a risk to the associated organisms, for example due to the ingestion
of plastic items [14]. Already thirty years ago, Harper and Fowler [15] described the ingestion
of plastic items by sea birds. By now, the ingestion of microplastic particles has been shown in
a variety of organisms within the food web, starting at the bottom with zooplankton [10,16] and
mussels [17,18] going up to vertebrates such as fish [14,19,20] and right up to humans [9,21,22].
Although there is no broad evidence for plastic ingestion-related mortality [14], internal blockage or
lesions of the digestive tract and a false feeling of satiation due to indigestible plastic filling up the
stomach was described to negatively affect associated organisms and may lead to their death [20,23].
In addition to those physical risks, microplastics are controversially discussed to act as vectors for
adsorbed hazardous chemicals [24] or pathogenic microorganisms [25]. The ingestion of microplastic
particles has been found to be enhanced for weathered particles [26,27], i.e., particles exposed longer
to environmental influences, thereby undergoing degradation and fragmentation processes [2,28].
Next to those physicochemical changes, plastics released to the environment are typically also rapidly
colonized by microbes. The observed enhanced ingestion by organisms after the aging of microplastics
was suggested to be due to the presence of a biofilm masking the plastics by mimicking an organic
origin and thus altering the palatability of the particles [27]. Unfortunately, the exposure time for
microplastics collected from the environment cannot be determined but can theoretically be decades
or longer. Biofilms on plastic materials have already been described in exposure experiments in the
environment [29,30] and on plastic materials collected directly from nature [30,31]. Such exposure
experiments ranged from short time scales of days [32] and weeks [29,30] up to longer time scales of
months [33,34] and years [35].

An initial coating with microbes is considered to occur within minutes to hours after the exposure
in marine waters [36]. Renner and Weibel [37] described the five typical successive steps of biofilm
formation as follows: First, microorganisms reversibly attach to surfaces via pili, flagella, or membrane
proteins. By extruding extracellular polymeric substances (EPS), the second step of biofilm formation
is initiated. At this point, microorganisms have already irreversibly attached to the surfaces, which can
be defined as the early stage of a biofilm formation. In the third step, microorganisms embedded in the
EPS proliferate, form smaller colonies, and release additional EPS. The microbial communities further
proliferate and form three-dimensional structures described as the maturing of a substantial biofilm
within the fourth step. Lastly, in the fifth step, cells can again detach from the biofilm and colonize
newly available surfaces [37]. This description highlights that a mature biofilm is a highly complex
and dynamic system controlled in addition to abiotic factors by many different biotic factors, including
microbial interactions and competition [38]. Rummel et al. [39] emphasize in their comprehensive
review that the surface properties of polymers, such as their roughness, surface energy, and charge or
hydrophobicity may be relevant for biofilm formation. In this context, Hossain et al. [34] showed that
the formation of a biofilm on microplastics in freshwater mesocosms that have been enriched with
bacterial strains was dependent on the polymer type.

It has further been shown that an incubation period of two months already alters the initial
polymers’ physicochemical properties by microbial attachment [34]. However, to date, it has not
been investigated whether the initial surface properties of different polymer types predefine the
colonization in the early stage of a biofilm formation, or if colonization patterns of the same polymer
differ between different environmental media. To fill this gap and to correlate the initial surface
properties with the biofilm formation, we monitored the very early stage of biofilm formation (0 h
up to 14 days) in freshwater and artificial seawater on the surfaces of polyamide (PA), polyethylene
terephthalate (PET), and polyvinyl chloride (PVC) fragments, which are three polymers that are
produced in high amounts [40]. The chosen polymers highly differ in their chemical composition
(PA-containing amid groups, PET-containing ester groups and PVC-containing chloride) resulting in
different physicochemical properties, which allows a correlation of the early-stage biofilm formation

234



Published articles and manuscripts

Water 2020, 12, 3216 3o0f21

with the polymers’” properties. We visualized microorganisms and associated structures on the
microplastic fragments’ surfaces by using scanning electron microscopy (SEM). We compared the
structural diversity of the biofilms by determining microbial and non-microbial structures on the
polymer fragments for different incubation times and incubation media. To evaluate how the fragments’
surface properties may influence the early stage biofilm formation, we measured the pH-dependent
initial {-potential of the three polymer types. Additionally, the structural diversity on mature biofilms
from a very late stage of biofilm formation (more than two years) on the surface of PA incubated in either
freshwater or seawater was compared to the very early stage biofilm formation in our experiments.
We hypothesize that due to the different initial properties of the chosen polymers, the very early stage
of biofilm formation differs between polymers and incubation media and changes over time.

2, Materials and Methods

2.1. Microplastic Particles

Polymers were purchased as raw pellets from different suppliers (PA Pellets: Leibniz-Institut
tiir Polymerforschung Dresden e.V.; Polymers used for fragments: PA: BASE, PET: Neogroup and
PVC: Vinnolit; see Table 1). For long-term incubation of PA, the whole pellets were incubated without
further processing. To obtain the microplastic fragments for the time-series incubation, the raw pellets
were ground in an ultra-centrifugal mill (ZM 200 Retsch, Haan, Germany) with a 12-tooth rotor and a
sieve size of 1000 pm with 18,000 U/min. The milling was performed in liquid nitrogen to prevent the
conglutination of the fragments. Subsequently, 10 g of the fragments were sieved using an Alpine air
jet sieve (E200LS, Hosokawa Alpine, Augsburg, Germany) with mesh sizes of 125 um and 4000 Pa for
15 min.

Table 1. Summary of the used polymers. The suppliers, the corresponding trading names, and size in
um after milling.

Polymer Type Supplier Trade Name Size Distribution [um]

; Leibniz-Institut fir
* -
e Polymerforschung Dresden e.V. =Rl

Polyamid fragments BASF, Ludwigshafen, Germany Ultramid®, A3K, PA66 <500
Polyethylene Neogroup, Klaipeda district, -
terephtalate fragments Lithuania L s o
Polyvinyl chloride Vinnolit (‘meH & CoKG, ®Vinnolit S 3268 <500
fragments Ismaning, Germany

* The polyamide pellet for the long-term experiment was not milled.

2.2. Incubation of Microplastic Particles in Environmental Media

PA pellets that were incubated in freshwater and seawater for approximately two years in
a long-term experiment were used to investigate a mature late-stage biofilm on the surface of a
microplastic particle for comparison with the biofilms of the short-term experiments. To monitor
the early stage of biofilm formation, the polymer fragments were incubated in two environmental
media, freshwater and seawater. Prior to incubation, the produced fragments of each polymer type
were washed thoroughly in ultrapure water (Purelab Flex Elga, Veolia Water Technologies, Celle,
Germany) to remove possible contamination from milling: 250 mg of each polymer fragments were
transferred to a 15 mL tube (CELLSTAR®, Greiner Bio-One GmbH, Frickenhausen, Germany) and
filled up with 10 mL ultrapure water. After carefully mixing for 30 seconds (Reax 2000, Heidolph
Instruments GmbH & Co. KG, Schwabach, Germany, pace 8), all polymers were homogeneously
suspended. Subsequently, the samples were centrifuged (2500 g, 20 min, room temperature), the
supernatant was removed via pipetting, and the samples were resuspended in 10 mL of the respective
environmental media. Before incubating each polymer type in the respective environmental media,
samples were prepared for SEM images as a control. The freshwater for incubation was obtained
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from an artificial pond at the University of Bayreuth (49°55'44.1” N; 11°34'60.0” E), and seawater
was obtained from a marine aquarium facility of the University of Bayreuth (sampling sites of the
environmental media in Figure S1).

To analyze the time-dependent development of a biofilm, we sampled the fragments after 0,
0.5, 1,2, 5 7,11, and 14 days of incubation from the respective tube. For maintaining a vital
microbial community during the incubation series, the respective media in the incubation tubes were
exchanged three times per week after centrifugation, as described above. To avoid sedimentation
of the microplastic fragments and obtain a homogeneous development of a biofilm on the particles’
surface, the 15 mL tubes were placed in a hybridization furnace and continuously agitated to prevent
sedimentation (26.5 + 0.5 °C, 9 rpm).

2.3. Sample Preparation for Scanning Electron Microscopy

To visualize biofilm formation, the samples were analyzed using a scanning electron microscope
(SEM, LEO1530 Zeiss, Oberkochen, Germany, magnification 500x-50,000x, 2-3 kV, SE2 detector).
From each sample, 20 uL. were pipetted onto carbon conductive tabs (@ 12 mm Plano GmbH, Wetzlar,
Germany) fixed to aluminum stubs (& 12 mm, Plano GmbH, Wetzlar, Germany). Then, the stubs were
transferred into a desiccator, vacuum-dried, and stored until the images were acquired. Samples were
subsequently sputter-coated with a two nm-thick platinum layer (208HR sputter coater, Cressington,
Watford, UK) and visualized using the SEM. The structural diversity was further compared with
SEM images from the literature [12,31,41-53]. Additionally, we investigated both incubation media,
freshwater and seawater, as a blank for comparison with the samples. To do so, 20 uL of the respective
pure media without microplastics were pipetted onto the carbon conductive tabs and further processed
as described.

2.4. Classification of Observed Structural Diversity via SEM Images

We compared the microorganismal and non-microorganismal structures in the SEM images and
compared them with typical microbial structures found in the literature [12,31,41-53]. For instance,
spherical structures resembling coccoid cellular structures were defined as coccoid bacteria (cc).
A summary of all detected structures can be found in Table 2.

The overall number of different structures observed within the 14-day incubation were counted
and defined as the biofilms’ structural diversity. We categorized the structural diversity into low,
medium, and high structural diversity (0-3, 4-6, and 7-9 numbers of different structures, respectively),
depending on the number of the observed different structures.

Table 2. Summary of the biofilm structures. Abbreviations and associated structures from late and
early stage biofilm formation were observed in SEM images.

Biofilm Structures

Abbreviation Associated Structure
compf compartmented filaments
edia elongated diatoms
& f filamentous
= flag flagella-like
8 mc multicellular
& media marine elongated diatoms
% pEPS particulate EPS
2 res rough elliptical structure
= sp sporous
tmf thin mucus-like film
tub tubular
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Table 2. Cont.

Biofilm Structures

Abbreviation Associated Structure
a non-assignable/exceptional microorganismal structure
cc coccoid bacteria
cd centric diatom
E d diatom
-] f filamentous structure
a me multicellular
% P platelet
@ p round platelet
= rod rod-/vibrio-shaped bacteria
g rodf rod-/vibrio-shaped bacteria with flagella
sf solid film
tf thin film
uc unicellular

2.5, (-Potential

The {-potential gives information about the electrostatic potential at the surfaces of the polymer
of hydrodynamic shear or slipping plain surrounding a polymer particle and helps to predict how a
particle may interact with other surfaces or soluble [54]. The {-potential measurements were performed
as recently described [55]. In brief, 200 mg of each polymer type’s fragments were investigated with
the Electrokinetic Analyzer EKA (Anton Paar GmbH, Austria). The fragments were packed densely in
a cylindrical powder cell with a diameter 12 mm and height 2 mm and covered at both ends with a
20 um pore sized membrane. After mounting the powder cells, 0.001 M KCI was streamed through
the samples until an equilibrium was reached. The pH value was adjusted by adding 0.1 M HCl or
0.1 M KOH solution. The {-potential was calculated as described in Drechsler et al. [55], without the
correction for the surface conductivity, as the particle geometry was unknown for fragments.

3. Results

3.1. Surface Properties—UC-Potential

We measured the initial (-potential via a pH titration, ranging from an acidic pH of 2 up to an
alkaline pH of 9. In the acidic pH range, PET showed the highest (-potential, followed by PA and the
lowest (-potential for PVC. Within the pH titration, we observed the highest drop in {-potential for PA
(from +12 + 0.1 mV at pH 2.5 to =55 £ 1 mV at pH 8.9), followed by PET (from +15 + 0.1 mV at pH 2.6
to =39 £ 1 mV at pH 8.8) and PVC showing the smallest drop in (-potential (from +3 + 1 mV at pH 2.5
to =17 £ 2 mV at pH 8.9) (Figure 1). Table 3 shows the (-potential at pH 8 which refers to the pH of
both incubation media with PA showing the highest negative ¢-potential, followed by PET and PVC
showing the lowest negative (-potential (=55 =1 mV, =43 £ 1 mV and —15 + 1 mV, respectively).

Table 3. (-potential at pH 8, contact angles, and the overall number of structural diversities on the surfaces
of the three polymers after the incubation in freshwater (FW) and seawater (SW) within two weeks.

Biofilm Structural

Polymer Type C-Potential (pH 8)  Contact Angle [56] Environmental Media Diversity [14 Days]
PA =55 mV 70° gx g
PET —43 mV 81° gw g
PVC -15mV 87° ;m g
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Figure 1. Zeta potential values of the three polymers versus pH value. The zeta potential was measured
for polyvinyl chloride (PVC) (blue), polyamide (PA) (red), and polyethylene terephthalate (PET) (green)
via pH titration in 0.001M KCl. Values indicate means + standard error of the mean.

3.2. Structural Diversity of the Early-Stage Biofilm

We found differences in the numbers of structural diversities depending on the polymer type and
incubation medium. After incubating the polymers in freshwater, we found the highest structural
diversity on PA followed by a medium structural diversity on surfaces of PET and a low structural
diversity on PVC. However, in seawater, PVC showed the highest structural diversity followed by a
high structural diversity of PA and a medium structural diversity of PET (see Table 3).

We did not find any structures resembling microorganismal or non-microoroganismal origin
forming a biofilm on any control image of the non-incubated polymers (see Figure S2). In botch
incubation media, freshwater and seawater, microorganisms, and non-microoroganismal structures
were abundant (see Figures S3 and S4).

3.3. Morphological Strcutures Within Late-Stage Biofilis

For comparison with the early stage biofilms we first investigated PA pellets incubated in
freshwater and seawater for approximately two years for a clear idea of the structures forming a mature
biofilm. The mature biofilm on PA pellets incubated in freshwater (Figure 2) showed a relatively
smooth surface consisting of filamentous (f), compartmented multicellular (compf, mc), and smooth
tubular (tub) structures with embedded elongated diatoms (edia). Figure 3 shows a mature biofilm
on a PA pellet incubated in seawater, with microorganismal structures and marine diatoms (media)
embedded in reticulate structures with a relatively rough surface. The overall structural diversity on
the PA pellets after two years was higher in freshwater compared to the structural diversity observed
in seawater (eight and four morphological structures, respectively).
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Figure 2. Scanning electron microscopy images of PA pellet incubated in freshwater for two years.
Filamentous structures (f) almost completely cover the PA pellet (a,b). (c—j) show higher magnifications
of smooth late-stage biofilm. Sporous (sp), multicellular (mc), and tubular (tub) structures form
the coalesced reticular structure of the biofilm. Elongated diatoms (edia) as exceptional rough
elliptical structures (res) are on top and embedded within the biofilm. Furthermore, exceptional thin
mucus-film-like (tmf) and flagella-like structures (flag) are highlighted. Scale bars: (a,b) 100 pm,
(c=j) 10 pm.

‘\p]{ Prs

smedin

Figure 3. Scanning electron microscopy images of PA pellet incubated in seawater for two years.
(a—j) Reticulate structures forming a mature biofilm consisting of (e-g) filamentous structures (f) and
marine elongated diatoms (media). pEPS indicate particulate EPS. Higher magnification reveals
filamentous cells being compartmented filaments (compf) resembling filamentous unbranched algae or
cable bacteria. Scale bars: (a—c) 100 um, (d-i) 10 um.
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3.4. Morphological Strcutures Within Early-Stage Biofilms

All polymers incubated in seawater showed increasing amounts of salt crystals with increasing
incubation time, which we could not detect for the polymers incubated in freshwater. Nevertheless,
there were no obvious differences in the roughness or overall appearance for all polymer types
from both incubation media for incubation times less than eleven days. However, we observed
marked differences in structural diversity of early-stage biofilms for all polymer types, time points,
and incubation media (Figures 4-9).

Although elongated diatoms (edia, bilateral, mostly sessile [57]) occurred in both late-stage biofilms
from fresh- and seawater, diatoms (d) were only observed once in the early-stage biofilms of PA after
two weeks of incubation in freshwater (Figure 4). Interestingly, centric diatoms (cd, radial, mostly
planktonic [57]) exclusively occurred in early-stage biofilms originating from seawater and were found
on all polymer type surfaces but not in late-stage biofilms on PA pellets.

Small coccoid and platelet-shaped structures (cc, see e.g., Figure 6 after seven days of incubation)
occurred in both incubation media on all polymer types. Whereas the round platelet (rp) structures,
which were also present in the pure incubation media (see Figure S3 and S4), were exclusively found
on PA and PET in early-stage freshwater biofilms (see e.g., Figure 4 after two days of incubation and
Figure 6 after seven days of incubation) but not on PVC at any time. Another interesting finding was
that rod- and vibrio-shaped bacteria (rod, see e.g., Figure 7 after one day of incubation) were found
on all polymer types incubated in both media, except for PVC incubated in freshwater (which was
mainly covered by platelet-shaped (p) and coccoid (ec) structures). Albeit, the rod- and vibrio-shaped
bacteria, which seemed to have a long flagellum (rodf, see e.g., Figure 5 after eleven days of incubation),
only occurred on the surfaces of PA microplastic fragments independent of the incubation medium.
Filamentous (f) structures on PVC microplastic fragments incubated in freshwater after two weeks
could possibly resemble flagella (see e.g., Figure & after 14 days of incubation), or also other bacterial
appendices. In addition to the unicellular (uc) structures (see e.g., Figure 7 after eleven days of
incubation) observed on all polymer types incubated in seawater, the multicellular (mc) structures
were only observed on surfaces of PA and PET microplastic particles incubated for eleven days in
freshwater (Figures 4 and 6). A comparison of the found morphological structures of both late and
early stage biofilms with descriptions of biofilms from the literature is given in the following Section 4.
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Figure 4. Scanning electron microscopy images of PA incubated in freshwater. Numbers in black boxes
indicate incubation times in days (0 = raw material, 0.5 = half day, 1 = one day, 2 = two days, 5 = five
days, 7 = seven days, 11 = eleven days, 14 = 14 days of incubation). Microorganismal structures are
highlighted with arrows. rod= rod/vibrio-shaped bacteria, rodf = rod/vibrio-shaped bacteria with
long flagella, cc = coccoid bacteria, d = diatom, f = filamentous structure, mc = multicellular structure,
rp = round platelet structure, p = platelet structure, uc = unicellular structure. Scale bar: Large image
10 um, magnified image 2 pm.
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Figure 5. Scanning electron microscopy images of PA incubated in seawater. Numbers in black

boxes indicate incubation times in days (0 = raw material, 0.5 = half day, 1 = one day, 2 = two
days, 5 = five days, 7 = seven days, 11 = eleven days, 14 = 14 days of incubation). Microorganismal
structures are highlighted with arrows. a = non-assignable structure, rod= rod-/vibrio-shaped bacteria,
rodf = rod-/vibrio-shaped bacteria with long flagella, cc = coccoid bacteria, cd = centric diatom,
p = platelet structure, uc = unicellular structure. Scale bar: Large image 10 um, magnified image 2 um.
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Figure 6. Scanning electron microscopy images of PET incubated in freshwater. Numbers in black boxes
indicate incubation times in days (0 = raw material, 0.5 = half day, 1 = one day, 2 = two days, 5 = five
days, 7 = seven days, 11 = eleven days, 14 = 14 days of incubation). Microorganismal structures are
highlighted with arrows. a = non-assignable structure, rod= rod/vibrio-shaped bacteria, cc = coccoid
bacteria, mc = multicellular structure, p = platelet structure, rp = round platelet structure. Scale bar:
Large image 10 um, magnified image 2 um.
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Figure 7. Scanning electron microscopy images of PET incubated in seawater. Numbers in black boxes
indicate incubation times in days (0 = raw material, 0.5 = half day, 1 = one day, 2 = two days, 5 = five
days, 7 = seven days, 11 = eleven days, 14 = 14 days of incubation). Microorganismal structures are
highlighted with arrows. a = non-assignable structure, rod= rod/vibrio-shaped bacteria, cc = coccoid

bacteria, p = platelet structure, tf = thin film, uc = unicellular structure. Scale bar: Large image 10 um,
magnified image 2 pm.
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Figure 8. Scanning electron microscopy images of PVC incubated in freshwater. Numbers in black
boxes indicate incubation times in days (0 = raw material, 0.5 = half day, 1 = one day, 2 = two days,
5 = five days, 7 = seven days, 11 = eleven days, 14 = 14 days of incubation). Microorganismal structures
are highlighted with arrows. cc = coccoid bacteria, f = filamentous structure, p = platelet structure.
Scale bar: Large image 10 pm, magnified image 2 pm.
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Figure 9. Scanning electron microscopy images of PVC incubated in seawater. Numbers in black boxes
indicate incubation times in days (0 = raw material, 0.5 = half day, 1 = one day, 2 = two days, 5 = five
days, 7 = seven days, 11 = eleven days, 14 = 14 days of incubation). Microorganismal structures are
highlighted with arrows. a = non-assignable structure, rod= rod/vibrio-shaped bacteria, cc = coccoid
bacteria, cd = centric diatom, p = platelet structure, sf = solid film, tf = thin film, uc= unicellular
structure. Scale bar: Large image 10 um, magnified image 2 pm.
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4. Discussion

4.1. Correlation of Structural Diversity of Early-Stage Biofilms and Polymer Properties

It has already been shown that several factors are influencing the results from {-potential
measurements, such as the pH, particle concentration, and additionally the ionic strength of the
measurement media [58]. The freshwater and artificial seawater medium used for incubation in our
experiments both had a pH value of around 8. Interestingly, within this pH range, PA has the highest
negative (-potential followed by PET and PVC, showing the lowest negative (-potential (see Table 3).
It must be considered that beside the similar pH values of freshwater and seawater, the ionic strength
may be different. Due to a higher amount of solved salts in seawater, the ionic strength is described to
be 500 times higher than in freshwater [59]. As soon as the polymers face either freshwater or seawater,
their surfaces may interact with available ions, influencing their {-potential immediately. Therefore,
we conducted a time-series incubation to monitor the time-dependent development of an early-stage
biofilm formation and if this correlates with the initial (-potential of the polymers. We found a clear
correlation between the higher negative initial -potential and the highest structural diversity observed
for PA when incubating the polymers for two weeks in freshwater, indicating that a negative charge of
the polymer surface facilitates or triggers the settlement of microorganisms in freshwater. The latter
correlation holds not true for the polymers incubated in seawater, as we found the highest structural
diversity on PVC with the lowest negative (-potential, followed with a high structural diversity on
PA and PET showing medium structural diversities (see Table 3). This indicates that other surface
properties than (-potential may also play a role in the early stage biofilm formation in seawater.

Sanni et al. [60] describe that the settlement of bacteria on the polymer surface is strongly correlated
with the polymer’s morphology. The morphologies of the pristine polymers (before the incubation)
visualized with SEM differed only slightly. PA and PET fragments showed similar, relatively smooth
surfaces with some cracks, whereas PVC particles were relatively spherical with a slightly rougher
surface and deeper cracks (see Figure S2). In addition to the morphology and initial {-potential of
the particles, the settlement of bacteria on the polymer surface is also correlated with the polymer’s
hydrophobicity [60]. The hydrophobicity of polymers can be measured via determining the contact
angle of a liquid drop in contact with a solid surface [61]. The larger the contact angle, the larger the
hydrophobicity of the solid surface. It was found that the contact angles for PA, PET, and PVC are 70°,
81°, and 87°, respectively [56]. Contact angles smaller than 90° are usually associated with hydrophilic
surfaces. This indicates that all polymers used in our experiments have hydrophilic surfaces, with PA
being the most and PVC the least hydrophilic polymer. Nevertheless, contact angles are usually
measured by applying a water drop on the polymers’ clean and flat surfaces, which makes it difficult
to measure the contact angle for irregularly shaped microplastic particles [56], such as those we used in
our experiments. Next to the different initial {-potential, morphology, and hydrophobicity of the three
polymers used, the nature of the polymer itself may play an additional role. For instance, it has already
been described that PVC has a low binding affinity to Staphylococci, which may also be true for other
microorganisms because of its chloride content and the high content of plasticizers [62]. Interestingly,
the structural diversity on PVC surfaces incubated in seawater was the highest observed, which is
probably due to the fact that microorganisms from seawater are better adapted to higher chloride
concentrations than freshwater microorganisms. This is most probably related to the overall higher
salinity of seawater compared to freshwater, with sodium chloride being amongst the most common
salts in the marine environment [63].

4.2. Descriptive Analysis of the Observed Morphological Structures Forming a Late-Stage Biofilm

The smooth tubular structures (tub, see Figure 2e) observed on the PA pellet incubated in
freshwater for 2 years strongly resembled fungal hyphae [41], with indications of spore formation (sp,
see Figure 2d). Structures (Figure 3e) observed on PA incubated in seawater resemble the microbial
cells that Zettler et al. [31] found on marine plastic debris (see Zettler et al. [31], Figure 2d), although
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in our case, the cells seemed attached to, instead of pitting into, the PA surface. The differences
between seawater and freshwater in the late-stage biofilm structures may relate to different types of
EPS and the differences in salinity of the incubation media. Two types of EPS are typically described,
which are defined as dissolved and particulate EPS (pEPS, Figure 3 h) [42,43]. For instance, diatoms
show different morphological forms of EPS, such as highly crystalline and rigid fibrils (rough) up to
highly hydrated and mucilaginous capsules (smooth) [43,44]. We observed diatoms in both biofilms
originating from freshwater and seawater, which may explain the structural differences in the late-stage
biofilms. The observed rough surface of the biofilm originating from seawater may be a combination
of a higher proportion of particulate EPS and the higher salinity of seawater, resulting in salt crystals’
embedment during the sample drying.

4.3. Descriptive Analysis of the Observed Morphological Structures Forming an Early-Stage Biofilm

The abundant platelet-shaped structures (p, e.g., Figure 4) observed already after one-day
incubation on all polymer surfaces independent of the incubation medium were likely not of biological
origin. While they remain unidentified and could indicate desorption or outcropping processes within
polymers, some resembled triangular scales of the testate amoeba Penardeugenia [45] and scales of other
protists of the genera Thaumatomastix and Reckertia [46]. However, the platelet-shaped structures may
also originate from polygonal cells [53] or damaged Staphylococcus aureus-like cells [47], as we found
small coccoid structures (cc, see e.g., Figure 6 after seven days of incubation) in both incubation media
and on all polymer types, just as the platelet-shaped structures. Bacterial cocci are typically 0.5-1.5 pm
in size [64], which is about the size range of the coccoid-shaped structures we observed. Interestingly,
round platelet (rp) structures were exclusively found on PA and PET in early-stage freshwater biofilms
(see e.g., Figure 4 after two days of incubation and Figure 6 after seven days of incubation). We did not
observe round platelet structures on PVC, but at any time in the pure freshwater incubation medium
(SEM images of both incubation media, see Figure 53 and S4), we can exclude that these structures
originate from drying effects or from the early degradation processes of the polymers. The round
platelet structures also resembled scales from planktonic algae such as silica-scaled chrysophytes [48],
but their early appearance and very regular distribution make them unlikely to be of microorganismal
but rather inorganic origin or drying effects.

The multicellular structures found in the early-stage biofilms resemble those found in the late-stage
freshwater biofilms, indicating that these organisms may attach to surfaces already after less than two
weeks of incubation and further develop a mature biofilm. The multicellular structures could be of
diverse origin but resemble filamentous microorganisms such as cable bacteria [49] or multicellular
Cyanobacteria [50]. Abundantly found on the surfaces of polymers incubated in seawater were
structures resembling centric diatoms [12,44] (cd, see e.g., Figure 9 after one day of incubation). In their
comprehensive review, Hoagland et al. [44] described different mechanisms for the attachment of
elongated and centric diatoms on surfaces using EPS in the form of stalks, tubes, apical pads, adhering
films, fibrils, or cell coatings. We observed some structures in the very early-stage of biofilm formation,
which we named exceptional microorganismal structures (e.g., in Figure 5 after one day of incubation).
These were exclusively found in seawater treatments and may be centric diatoms forming fibrils or
stalks [44]. However, these structures with about 3 um in diameter are at the lower size range of small
centric diatoms [51,52]. Furthermore, we found film-like structures on PET and PVC incubated in
seawater that may be part of extruded EPS (Figures 7 and 9). On PET, we found exclusively thin and
smooth films (tf, see e.g., Figure 7 after seven days of incubation), which were additionally accompanied
by a solid film (sf, see e.g., Figure 9 after half a day of incubation) on PVC. When considering the five
successive steps of biofilm formation described by Renner and Weibel [37], EPS’s excretion initiates
the second step of biofilm formation, which starts the formation of a mature biofilm. This means
that for PET and PVC incubated in seawater, five days and one week of incubation, respectively,
initiates the maturing of a biofilm. Furthermore, our observations demonstrate that the structural
diversity on the surfaces of the three polymers from either freshwater or seawater differed, although
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the same experimental conditions were chosen for each polymer—environmental medium combination.
This highlights that the properties of a polymer itself may play a crucial role for the formation of a very
early-stage biofilm on different plastics.

4.4. Potential Ecological Implications of Our Findings

De Tender et al. [65] showed the temporal dynamics of bacterial and fungal colonization on
plastic materials within almost one year in the marine environment. They found community changes
by using genetic screening methods and additionally visualized the development of the late-stage
biofilm. Within the observed time periods of one month, the maturing of a biofilm was macroscopically
visible [65]. For plastics incubated in seawater, it has already been shown that biofilms enhance
polymer palatability by mimicking an organic origin [26,27]. Exposure of polystyrene beads to filtered
seawater for three weeks [26] and polyethylene for one month of incubation directly in the marine
environment [27] increased the ingestion, possibly increasing the physical and chemical risks from
plastic particles to the tested organisms. However, this phenomenon has not been shown for other
polymer types incubated for shorter time periods or incubated in freshwater. Hence, our results
indicate that even short-term environmental exposure may be sufficient that a variety of organisms
from different ecosystems mistake microplastics with food.

5. Conclusions

Here, we show that already, half a day of incubation in either freshwater or seawater initiates
the formation of an early-stage biofilm by the attachment of microbial structures, but possibly also
the appearance of non-microbial structures. The overall structural diversity of biofilm structures
increased within two weeks for all polymer types in both incubation media. We show that a mature
biofilm on PA differs in its composition depending on the incubation medium and found that the
early-stage biofilm formation on three different polymers depends on the incubation medium and is
most probably related to the polymers’ surface properties. In freshwater, we found a correlation of the
initial {-potential of the particles with the structural diversity on the polymer’s surfaces. PA, with the
highest negative initial (-potential, showed the highest structural diversity and PVC with the lowest
negative initial {-potential showed the lowest structural diversity. However, in seawater, PVC showed
the highest structural diversity with the lowest negative initial (-potential. For seawater, we did
not find a clear correlation with the initial {-potential, as there were not such apparent differences
between PET and PA. Furthermore, we show that the early-stage biofilm formation on polymers
seems additionally being dependent on the polymers’ surface morphology and the polymers’ chemical
composition. Our findings emphasize the complexity that can be related to research on microplastic
biofilms and show that not solely the polymer type but also the incubation medium, time, and the
initial surface properties of the used polymers may play an important role for the initial colonization
of plastic surfaces.

Supplementary Materials: The following figures are available online at http://www.mdpi.com/2073-4441/12/11/
3216/s1, Figure S1: Photographs of the sampling sites for the incubation media, Figure 52: Scanning electron
microscopy images of the three polymer raw materials. Figure S3: Scanning electron microscopy images of the
freshwater incubation medium after evaporation of water, Figure S54: Scanning electron microscopy images of the
saltwater incubation medium after evaporation of water.
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Figure S1: Photographs of the sampling sites for the incubation media. a) Freshwater from an
artificial pond (49°55'44.1" N; 11°34'60.0" E) and b) saltwater obtained from a marine aquaria facility.
Photo Credit: Anja C. Stellwag, University of Bayreuth.
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Figure S2: Scanning electron microscopy images of the three polymer raw materials. Surfaces of

the PA fragments are shown from a-c, PET surfaces from d-f and the slightly rougher surface of PVC

from g-i. Scale bars: a, d, g=100pum, b, ¢, e, f, h, i =10um.
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Figure S3: Scanning electron microscopy images of the freshwater incubation medium after

evaporation of water. Images show microorganismal and non-microorganismal structures occurring

in the freshwater incubation medium. Scale bars 10um.
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Figure S4: Scanning electron microscopy images of the saltwater incubation medium after

evaporation of water. Images show microorganismal and non-microorganismal structures occurring

in the freshwater incubation medium. Scale bars 10pum.

258



Published articles and manuscripts

Article 9

In situ Prokaryotic and Eukaryotic Communities on Microplastic
Particles in a Small Headwater Stream in Germany

259






? frontiers
in Microbiology

OPEN ACCESS

Edited by:
Zongze Shao,

State Key Laboratory Breeding Base
of Marine Genetic Resource, Third
Institute of Oceanography, China

Reviewed by:

Ang Li,

Harbin Institute of Technology, China
Jie Wang,

China Agricultural University, China
John J. Kefiy,

Loyola University Chicago,

United States

*Correspondence:
Alfons R. Weig
a.welg@uni-bayreuth.de

Specialty section:

This article was submitted fo
Microbiotechnalogy;

a section of the journal
Frontiers in Microbiclogy

Received: 28 January 2021
Accepted: 04 Novernber 2027
Published: 29 November 2021

Citation:

Weig AR, Lider MGJ,

Ramsperger AFRM and Laforsch C
(2027) In situ Prokaryotic and
Eukaryotic Communities on
Microplastic Particles in & Small
Headwater Stream in Germany.
Front. Microbiol. 12:660024

doi: 10.3389/fmicb.2021.660024

Frontiers in Microl

Published articles and manuscripts

ORIGINAL RESEARCH

Check for
updates

In situ Prokaryotic and Eukaryotic
Communities on Microplastic
Particles in a Small Headwater
Stream in Germany

Alfons R. Weig*, Martin G. J. Léder?, Anja F. R. M. Ramsperger?? and
Christian Laforsch?

' Genomics and Bioinformatics, Bayreuth Center of Ecology and Environmental Research, University of Bayreuth, Bayreuth,
Germany, ° Animal Ecology, Bayreuth Center of Ecology and Environmental Research, University of Bayreuth, Bayreuth,
Germany, ° Biological Physics, University of Bayreuth, Bayreuth, Germany

The ubiguitous use of plastic products in our daily life is often accompanied by improper
disposal. The first interactions of plastics with organisms in the environment occur by
overgrowth or biofilm formation on the particle surface, which can facilitate the ingestion
by animals. In order to elucidate the colonization of plastic particles by prokaryctic and
eukaryotic microorganisms in situ, we investigated microbial communities in biofilms
on four different polymer types and on mineral particles in a small headwater stream
500 m downstream of a wastewater treatment plant in Germany. Microplastic and
mineral particles were exposed to the free-flowing water for 4 weeks in spring and
in summer. The microbial composition of the developing biofim was analyzed by
16S and 18S amplicon sequencing. Despite the expected seasonal differences in the
microbial composition of pro- and eukaryotic communities, we repeatedly observed
polymer type-specific differentiation in both seasons. The order of polymer type-
specific prokaryotic and eukaryotic community distances calculated by Robust Aitchison
principal component analysis (PCA) was the same in spring and summer samples.
However, the magnitude of the distance differed considerably between polymer types.
Prokaryotic communities on polysthylene particles exhibited the most considerable
difference to other particles in summer, while eukaryotic communities on polypropylene
particles showed the most considerable difference to other spring samples. The most
contributing bacterial taxa to the polyethylene-specific differentiation belong to the
Planctomycetales, Saccharimonadales, Bryobacterales, uncultured Acidiomicrobia, and
Gemmatimonadales. The most remarkable differences in eukaryotic microorganism
abundances could be cbserved in several distinct groups of Ciliophora (ciliates)
and Chlorophytes (green algae). Prediction of community functions from taxonomic
abundances revealed differences between spring and summer, and — to a lesser
extent — also between polymer types and mineral surfaces. Qur results show that
different microplastic particles were colonized by different biofilm communities. These
findings may be used for advanced experimental designs to investigate the role of
microorganisms on the fate of microplastic particles in freshwater ecosystems.

Keywords: biofilm, prokaryote community, eukaryote community, freshwater stream, microplastics
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INTRODUCTION

Plastic materials are widely used in all areas of human
life due to their outstanding material properties such as
lightweight, stability, corrosion resistance, insulating properties,
and moldability. Global plastic production increased from
1.5 million tons in 1950 to 367 million tons in 2020
(Statistica, 2021). The primary uses for plastics in Europe
are packaging (39.6%), followed by building and construction,
automotive, electrical/electronic, household/leisure/sports, and
agriculture (PlasticsEurope, 2020). The polymer types used for
the production of packaging materials are mainly polyethylene
(PE; in different densities), polypropylene (PP), and polyethylene
terephthalate (PET), and to a lesser extent polystyrene (PS) and
polyvinylchloride (PVC). The often short-time use of plastics
in packaging contributes mainly to the enormous increase of
plastic waste. Of the plastic waste that was collected appropriately
in Europe in 2018, only 32.5% entered the recycling process,
while the rest of the collected waste was used for energy
recovery by incineration (42.6%) or disposed in landfills (24.9%)
(PlasticsEurope, 2020). However, it is estimated that 33% of
global waste is not collected appropriately but openly dumped or
littered, imposing unforeseen risks to public and environmental
health (Kaza et al., 2018).

Once plastic material enters the environment, it fragments
into smaller particles (microplastics smaller than 5 mm) (Arthur
et al., 2009). The fragmentation and eventually degradation
processes depend on various physicochemical factors such as
mechanical forces, temperature, UV radiation, pH, and additives
present in the plastic and varies between different polymer
types (Barnes et al., 2009). In addition, plastic degradation
by environmental (micro-)organisms can add to the overall
degradation process (Restrepo-Montoya et al, 2011), a fact
summarized by Yuan et al. (2020) in a recent review. Therefore,
the direct interaction of microorganisms with plastics could be
of key importance for the fate of plastic in the environment,
as it has been shown for PET-and polyurethane (PU)-degrading
bacteria (Nakajima-Kambe et al., 1999; Yoshida et al,, 2016) as
well as for PU- and PE-degrading fungi (Brunner et al., 2018;
Sangale et al,, 2019).

The composition of biofilms on plastic particles in natural
environments, the so-called “plastisphere” (Zettler et al., 2013),
has been investigated in aquatic (e.g., marine or freshwater)
and terrestrial environments (for reviews, see Oberbeckmann
et al, 2015; Oberbeckmann and Labrenz, 2020). Recently, a
thorough meta-analysis of studies describing the global diversity
of the plastisphere published between 2010 and 2019 revealed
the large variety of experiments (Wright et al.,, 2021): of the 35
studies selected for the meta-analysis, only 6 studies included
field studies in the water column of freshwater habitats (Hoellein
et al., 2014, 2017; McCormick et al., 2014, 2016; Arias-Andres
et al., 2018; Parrish and Fahrenfeld, 2019), sometimes combined
with laboratory experiments and/or exposition experiments
in sediments. However, reports on plastisphere biofilms from
small headwater streams (in contrast to rivers and lakes)
are rare (Kaevska et al, 2016), even though those seemingly
pristine aquatic habitats receive plastic particles, eg., via
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runoft (Piehl et al., 2018), aerial deposition (Zhang et al., 2020),
or discharge of sewage effluents. Moreover, in addition to
compositional and functional analyses of plastisphere biofilms,
the spatial structure of microorganisms has been investigated by
advanced confocal microscopy and illustrated analytical access to
biofilm development at micrometer scales (Schlundt et al., 2020).

Biofilms are composed of microorganisms, mainly bacteria,
although fungi and other micro-eukaryotes can contribute to
and be enclosed in biofilms, bound in a mucilaginous matrix of
an extracellular polymeric material such as exopolysaccharides
(Flemming and Wingender, 2010). Biofilms represent key sites
for enzymatic activity, organic matter cycling, respiration,
and primary production; and the influence of environmental
processes on biofilm formation has been reviewed recently
(Battin et al., 2016; Wagner and Lambert, 2018). The formation
of a biofilm leads to several advantages for single planktonic
cells. Amongst others, the biofilm matrix enables bacterial cells
to perform cell-cell interactions/communication and exchange of
DNA; the matrix stores nutrients and can act as a barrier against
desiccation and serves as a defense mechanism against predation.

Biofilms are part of the aquatic food web and were
characterized in a recent review by three major elements: energy
pathways/subsidization from plankton, horizontal complexity of
the basal food web, and the vertical food web complexity/food
chain length (Weitere et al., 2018). Laboratory experiments
showed that microplastic particles coated with a biofilm
preferentially become ingested by organisms compared with
pristine particles (Vroom etal., 2017; Hodgson et al., 2018), which
renders biofilm-coated plastic materials a potentially enhanced
environmental and organismal health risk (Ramsperger et al,
2020b). Furthermore, bacterial and fungal pathogens have been
identified in the plastisphere of freshwater and terrestrial habitats,
where microplastic particles can serve as vectors for pathogen
distribution (Wu et al., 2019; Gkoutselis et al., 2021).

In the last couple of years, studies showed that emigration,
dispersal, and immigration also play a major role for biofilm
microorganisms (Augspurger et al, 2010), indicating that
differences in the colonization of various plastic types may also
account for the composition of microbial communities. Further,
microbial communities in natural environments, contrary to
laboratory conditions, undergo considerable seasonal dynamics
as shown for headwater streams and small rivers in Central
Europe (Kaevska et al, 2016) and account for the formation
and composition of biofilm microbiomes. However, the few
publications from natural freshwater habitats show that only
little is known about the colonization and biofilm formation on
different polymer types in freshwater ecosystems, which holds
even more true for small headwater streams.

To explore the pro- and eukaryotic microbial communities
on microplastic particles in a headwater stream, we directly
exposed particles of various polymer types for 4 weeks in a
small headwater stream in Northern Bavaria, Germany, in two
independent experiments (spring and summer) to compensate
for seasonal dynamics of freshwater microbiomes. We analyzed
the prokaryotic community by 16S amplicon sequencing to
elucidate bacterial community differences in colonization and
potential degradation of polymer particles. Since prokaryotic
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biofilms attract eukaryotic predators such as protists and
small metazoans, 185 amplicon sequencing was chosen to
investigate eukaryotic community dynamics on the biofilms.
We investigated whether differences in community functions
can be inferred from taxonomic abundances of prokaryotic
communities in a seasonal and/or particle-type specific manner.
Furthermore, the presence of pathogenic bacteria was analyzed in
biofilm and stream water samples.

MATERIALS AND METHODS

Exposition of Plastic Particles in a
Freshwater Stream

Plastic particles (approximately 3 mm in diameter) were exposed
in the freshwater stream Truppach in northern Bavaria, Germany
(lat. 11.36459, lon. 49.89573), about 500 m downstream a local
wastewater treatment plant (WWTP) from May 2, 2016, to May
30, 2016 (spring experiment), and from August 13, 2016, to
September 9, 2016 (summer experiment), respectively. Water
samples of the headwater stream were taken on September 9,
2016, at two locations: the site of the in situ exposition experiment
and at a site approximately 500 m upstream of the outlet of the
WWTP (lat. 11.37370, lon. 49.90627). The water temperature
of streams and rivers in this area is monitored by the Bavarian
Environment Agency' at a nearby monitoring station at Hollfeld,
Bavaria, Germany, and ranged from ca. 11.2 to 13.1°C (spring
experiment) and from 13.2 to 13.8°C (summer experiment).
The WWTP receives mainly private household wastewater
for mechanical and biological (nitrification and denitrification)
treatment. The efflux of the WWTP is not sterilized and
constituted 3.75% (annual average) of the streamflow in the
year of exposition (source: www.lfu.bayern.de and personal
communication with the operator of the WWTP). The area
next to the sampling site is agriculturally used grassland (partly
pasture) and protected by the Flora-Fauna-Habitats directive
of the European Commission (Council Directive 92/43/EEC).
The properties of the particles used in the exposure experiment
are summarized in Table 1. The polymer particles were taken
from the original container but were not sterilized prior to the
experiment to avoid thermal modification of the particles. The
quartz particles were thoroughly rinsed with deionized water
to remove quartz dust and were autoclaved. The experimental
design was as follows: for each particle type, one basket (ball-
shaped stainless-steel sieve, about 4.5 cm in diameter, mesh size
ca. 0.65 mm) containing approximately 50 particles was used
to expose particles to the stream water, prohibiting contact of
particles with floating debris (e.g., branches and litter) as well as
access of feeding macrofauna of the stream (e.g., fishes, snails,
and insect larvae) to the developing biofilm. The baskets were
attached to a wooden raft, held in place by a rope, and always
free-floating in the stream at a depth of approximately 20 cm
below the water surface without touching the streambed at any
time. After the exposure period, the particles were collected
separately for each particle type and washed three times with

! www.lfubayern.de
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tap water to remove stream water and loosely attached debris
from the developing biofilm. Ten particles were randomly taken
two times from each particle type pool (unit of replication: 10
particles), transferred to an extraction vial, and kept at 4°C
overnight until DNA extraction on the following day. The same
experimental design was used for the repetition of the experiment
in August/September 2016. Potential microbial contamination of
the tap water (used for the initial washing step) was analyzed
by amplification of 165 fragments and high-resolution capillary
electrophoresis. No 165 amplification products could be detected
in any tap water samples, while stream water samples showed
specific 165 amplification products (data not shown).

DNA Extraction From Biofilm and Water

Samples

Metagenomic DNA of the biofilms was extracted independently
(representing technical replicates) using the “PowerBiofilm DNA
Isolation Kit” (MO-BIQ?) as recommended by the manufacturer.
In addition, metagenomic DNA was extracted from water
samples by ethanol precipitation (Ficetola et al, 2008). The
amount of DNA was quantified using the dsDNA High-
Sensitivity Assay Kit on a Qubit 3 fluorometer (Fisher Scientific’).

High-Throughput Sequencing of 16S-
and 18S-rDNA Amplification Products

The replicate samples of metagenomic DNA were sent to
LGC Genomics GmbH" for library preparation and high-
throughput sequencing. Briefly, 16S-rDNA fragments were
amplified using primer pair Bakt_341F and modified Bakt_805R
(GACTACHVGGGTATCTAAKCC, after Herlemann et al,
2011), and 185-rDNA fragments were amplified using primer
pair TAReuk454FWD1 and modified TAReukREV3 (Stoeck et al.,
2010; Piredda et al., 2017). PCR amplicons were sequenced in the
300-bp paired-end mode using Illuminas MiSeq V3 chemistry
and instrument, Raw sequence reads were demultiplexed,
adapter remnants were clipped from all reads, and forward
and reverse primers were removed from the sequences. The
sequences were deposited in National Center for Biotechnology
Information’s (NCBI's) Sequence Read Archive (SRA) under
project number PRINA680706.

Bioinformatics and Statistical Analyses

The microbial composition of the samples was analyzed using
the Qiime2 package; a description of the applied workflow
is encoded in the provenance tab of Qiime2 Supplementary
Data File (a short description on how to view Qiime2 data
files is given in a Qiime2 instruction file in Supplementary
Material). Briefly, the primer-clipped reads were loaded into
the Qiime2 pipeline. The paired-end reads were quality-
filtered (including a 3'-end trimming at position 250, where
the average read qualities fell below the quality score of
Q25 for 16S reads, and Q30 for 18S reads), denoised, and

Zyww.mabio.com
Swww.fishersci.co.uk

4www‘1gcgroup.com
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TABLE 1 | Characteristios of particles used in the experiments,

Microplastic Biofilm in Freshwater Streams

Particle type Trade name Article no. Supplier Diameter (mm)
Low-density polyethylene (PE) Lupolen 6031M Pro-Plast Kunststoff GmbH, Weiterstadt, Germany 3
Palypropylene (PP) Moplen HP570M Pro-Plast Kunststoff GmbH, Weiterstadt, Germany 3
Polystyrene (PS) - 168K KG2 BASF SE, Ludwigshafen, Germany 3
Polyvinyl chloride (PVC) Troilit VB537-HE Granulat GmbH, Troisdorf, Germany 3
Quartz-based grave! (Q, reference particles) Color Gravel Super White 50260 Cclorstone, Rudolstadt, Germany 2-3

joined by DADA2 (Callahanetal, 2016), yielding so-called
amplicon sequence variants (ASVs) (Callahan et al, 2017).
Low-abundant ASVs were filtered out based on the median
frequency per ASV of 16 (bacterial amplicons) and 17 (185
amplicons). The remaining ASVs were taxonomically classified
using “naive-Bayes” trained taxonomic classifiers based on the
SILVA reference database (version 138), containing 16S and
185 reference sequences. Throughout this article, we adhere
to the taxonomic nomenclature of the GTDB (prokaryotes)
and UniEuk (eukaryotes), which has been adopted with the
SILVA v138 reference database release.” Phylogenetic trees
were constructed by sequence alignments of 165 and 18§
ASVs using MAFFT, followed by masking phylogenetically
uninformative or ambiguously aligned columns; FastTree was
used to infer phylogenetic trees, which were subsequently rooted
at their midpoints. Alpha diversity analyses were performed
using core-metrics-phylogenetic workflow of Qiime2, producing
several alpha diversity measures (Faith's PD, evenness, observed
ASVs, and Shannon). Beta diversity analyses between sample
groups were calculated by DEICODE (Martino et al, 2019)
and visualized by QURRO (Fedarko et al., 2020). Statistical
differences between sample groups were calculated by ANOSIM
and PERMANOVA implemented in Qiime2. Alpha rarefaction
curves were generated from the frequency information of the
representative ASVs in each sample. The functional prediction
tool FAPROTAX (Louca et al, 2016) was used to predict
metagenome function from 16S marker gene sequencing profiles.
Therefore, taxonomic features obtained by the Qiime2 pipeline
were collapsed at the species level. The resulting frequency table
was used to predict functional profiles in biofilm, and water
samples from the FAPROTAX database provided together with
a python script.® Pathogenic bacteria were identified from 165
amplicon reads using the 16sPIP tool (Miao et al., 2017). The
16sPIP package was obtained from the GitHub repository” and
run in the sensitive mode with the pair of forward and reverse
reads in fastq format for each sample.

RESULTS

Amplicon Sequencing Data Overview
Amplicon sequencing of 20 biofilm and 4 water samples obtained
from the experiments in spring and summer 2016 resulted in

*hitps:/fwww.arb-silva.de/documentation/release- 1381/
http://www.loucalab.com/archive/FAPROTAX/
Tgithub.com/jjmian1314/16sPTP
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1.95 million (16S) and 2.94 million (18S) paired-end reads,
respectively. The DADA2 plugin (Qiime2) was used to denoise
and merge paired-end reads, detect putative chimera, and identify
representative ASVs. After rare ASVs were filtered, a final
number of 2,521 (168) and 3,190 (18S) representative ASVs were
obtained and used for downstream analyses. Rarefaction analysis
of the denoised, chimera-, and quality-filtered reads showed that
the remaining sequences were enough to reach saturation for
each sample. For alpha and beta diversity analyses of biofilm
communities, data corresponding to stream water samples were
filtered out from the full dataset.

Taxonomic Classification of Bacterial
and Eukaryotic Amplicon Sequence
Variants

Representative ASVs were classified using a naive-Bayes classifier
trained on the SILVA 138 reference sequence database (Bokulich
et al., 2018; Robeson et al, 2020). The relative frequency of
prokaryotic and eukaryotic taxa of biofilm samples differed
from microbial communities of the stream water (Figure 1 and
Qiime2 taxa bar plots in Supplementary Material). The 10
most abundant orders of bacteria (based on global abundance
across all samples) were Burkholderiales, Sphingomonadales,
Rhizobiales, Flavobacteriales, Chitinophagales, Rhodobacterales,
Pirellulales, Cytophagales, Verrucomicrobiales, and plant
chloroplasts (mainly from algae), which contributed to about
40-80% of relative abundance of each sample (Figure 1A).

The number of observed bacterial taxa in biofilm samples
ranged from ca. 325 to 583 taxa per particle type and did
not differ considerably between May and August samples.
PE particles always showed the most detectable bacterial taxa
(Table 2A). The evenness of the bacterial microbiome was above
0.9 (Pielou’s index) for most of the samples, indicating that no
dominant bacterial group was present (Table 2A). Shannon’s
biodiversity index ranged from ca. 7.65 to 8.38 for bacterial taxa,
and no remarkable differences were observed between spring
and summer samples.

The number of observed eukaryotic taxa ranged from 237
to 718 taxa in biofilm samples, with a clear tendency for more
detectable taxa in spring samples (Table 2B). The 10 most
abundant eukaryotic orders were Conthreep, Spirotrichea,
Bacillariophyceae, Chaetonotida, Craspedida, unclassified
Eukaryota, Litostomatea, Bicosoecida, Chlorophyceae,
and Ulvophyceae, which summed up to about 60-90% of
relative abundance on the particles (Figure 1B). Pielou’s
evenness and Shannon’s biodiversity indices were lower for
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the eukaryotic samples compared with bacterial samples,
ranging from ca. 0.585 to 0.770 (evenness) and from 4.61
to 7.14 (Shannon), respectively (Table 2B). Although alpha
diversity evenness did not show differences between spring
and summer experiments, lower numbers of detectable taxa
and lower Shannon’s indices could be seen in the summer
samples compared with the spring samples. Alpha rarefaction
curves of the eukaryotic dataset showed that the lower
number of taxa in the summer samples did not result from
insufficient sampling depth as rarefaction curves reached almost
saturation even at the sequencing depth of the smallest sample
(data not shown).

Seasonal and Plastic Type-Dependent
Differences in Microbial Community
Composition

The microbial compositions in biofilms between sample groups
(beta diversity) were analyzed by the “Robust Aitchison PCA”

(RPCA; implemented in the Qiime2 DEICODE plugin) to
address the sparsity and compositional nature of the 168
and 18S datasets (Martino et al, 2019). First, bacterial
and eukaryotic microbial communities of the spring and
summer exposition experiments exhibit statistically significant
separation along RPCA axis 1 (explaining 69 and 64% of
the data) in the 16S and 18S dataset (Table 3); the overall
direction of community shifts was very similar for all polymer
and reference particle types (Figure 2; Qiime2 RPCA plots
in Supplementary Material). Second, pro- and eukaryotic
microbial communities of the different particle types showed
an additional separation along RPCA axis 2, perpendicular to
seasonal axis 1 (explaining ca. 26 and 31% of the 165 and 18S data,
respectively; Figure 2; Qiime2 RPCA plots in Supplementary
Material). Pairwise differences between some particle groups
were statistically significant, while other groups overlapped with
each other (Table 3).

A common observation was that reference samples were
always found on one side of axis 2 in both seasons and
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TABLE 2 | Alpha-biodiversity metrics of () pro- and (B) eukaryotic biofilm microbiomes for the spring and summer experiments (mean of replicate samples).

Particle type Pielou

Spring Summer Statistics Spring
(A) Prokaryota
PE 0.912 0.916 a 583
PP 0.907 0.925 a 507
PS 0.925 0.829 a 449
PYVC 0.897 0.901 b 462
Q 0.924 0.930 a 509
Statistics a a a
(B) Eukaryota
PE 0.747 0.697 a 557
PP 0.696 0.719 a 718
PS Q770 0.725 a 635
PVC 0.757 0.638 a 522
Q 0.706 0.585 a 700
Statistics a b a

AsSvV Shannon
Summer Statistics Spring Summer Statistics
558 a 8.38 836 a
438 b 8.14 8.06 ab
332 b 8.14 7.65 B
431 s] 7.84 7.86 b
325 b 8.31 7.52 ab
a a a
289 a 6.82 5.70 a
354 a .60 6.07 a
459 a 7.14 6.22 a
286 a 6.83 5.20 a
237 a 6.67 4.61 a
b a b

Calculations were performed by the diversity plugin of Qime2. Statistical test: Kruskal-Wallis (pairwise) between particle types and seasonal groups; groups with significant
difference (p < 0.05) are indicated with different letters. PE, polyethvlene; PR, polypropylens; PS, polystyrene; PVC, polwvinyl chioride; Q, quartz-based gravel.

TABLE 3 | Results of pairwise statistical tests of sample groups from 165 and 185
datasets.

Groups PERMANOVA ANOSIM
p-Value Pseudo-F p-Value Rho
16S (prokaryotes)
Spring-summer 0.001 14.9 0.001 0.634
PE-PS 0.032 5.47 0.027 0.594
PE-Q 0.024 8.1 0.04 0.718
18S (eukaryotes)
Spring-summer 0.001 16.1 0.001 0.737
PE-Q 0.055 3.82 0.067 0.427
PP-PVC 0.06 3.15 0.063 0.354
PP-Q 0.028 6.83 0.03 0.667

Pairwise tests of spring-summer groups included all particle types (n = 10),
and pairwise tests betwsen particle types included both seasons (n = 4), Test
results, close to but not reaching the "p < 0.05" cniteria, are shown in itafics.
FE, polyethylene; PR polypropyvlene; PS, polystyrens; PVC, polwiny! chionds, Q,
quartz-based gravel,

the 165 and 185 datasets. Significant differences to quartz
samples were found for PE (in 16S data) and PP samples
(in 188 data). Although the significance level of 0.05 has
not been reached for the PE-Q pair in 18S datasets, the
observed p-values close to this threshold indicate a putative
separation also between these biofilm communities. PS and PVC
samples clustered next to each other and in close vicinity to
reference samples in the 16S dataset and, therefore, do not
show significant differences. This was also true for the 18§
dataset in summer experiments, but not for the spring data:
here, the PS and PVC samples cluster in the same range
of axis 2, while the reference samples are placed apart from
these two polymer samples. Finally, pairwise differences within
polymer samples could be also observed in the 16S dataset
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(PE-PS, statistically significant) and in the 18S dataset (PP-
PVC, tendency with p = 0.060 and p = 0.063), respectively.
Since axes 1 and 2 together explain over 95% of the data
in 165 and 185 RPCA plots, respectively, season and particle
types are the most determining factors for microbial diversity in
biofilm samples.

Seasonal Effects on Bacterial and

Eukaryotic Microbiomes
A key benefit of RPCA is that sample and feature loadings
can be accessed by the QURRO plugin to identify those ASVs
at the ends of ordinations, which are the most contributing
to the clustering of samples along RPCA axes. Spring and
summer samples could be separated along axis 1 in RPCA
plots in 165 and 18S datasets. A selection of each 1%
from the top and the bottom of ranked features (ASVs)
was chosen to retrieve lists of bacterial and eukaryotic
taxa, respectively (Supplementary Tables 1A, 2A and
Supplementary Figure 1), which differed significantly
between spring and summer samples (Supplementary
Tables 1B, 2B).

In spring biofilms, most of these top-/bottom-ranked

bacterial ASVs were classified as Sphingomonadales
and Burkholderiales, in addition to Armatimonadales,
Chitinophagales, Flavobacteriales, and Verrucomicrobiales,

Furthermore, 165 sequences from plant chloroplasts
were also abundant in spring samples (Supplementary
Table 1A). In summer biofilms, ASVs were classified to
Oligoﬂcxalcs, Nitrospirales, Pirellulales, Planctomycetales,
Sphingomonadales, Burkholderiales (different ASVs as the above
ones), Steroidobacterales, and Verrucomicrobiales, as well as
Candidatus Kaiserbacteria and Candidatus Nomurabacteria; and
two clone references were more abundant.
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A comparable selection of the most contributing features (1%
top/bottom) to RPCA axis 1 of the eukaryotic dataset showed
that spring and summer sample groups could be distinguished.
The largest eukaryotic group characterizing the spring samples
belonged to the phylum Diatomea, e.g., Bacillariophyceae.
Furthermore, the phyla Ciliophora, Holozoa, Chlorophyta,
and Bicosoecida were identified with two or more ASVs,
next to phyla represented by single ASVs (Supplementary
Table 2A). Abundant taxa in summer samples belonged
mainly to Ciliophora (16 of 28 ASVs), particularly to the
two families Oligohymenophorea and Phyllopharyngea, and the
phyla Cryptomycota (LKM11), Gastrotricha, and Holozoa.
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It should be noted that other thresholds can be applied to
the datasets at the reader’s choice using the Qiime2 QURRO
visualization files provided as electronic supplements.

Identification of Polymer-Specific Taxa

Within Bacterial and Eukaryotic Biofilms

Particle type-dependent differences in microbial communities
occurred mainly along RPCA axis 2, and significant differences
between quartz and some polymer-specific communities have
been shown above (Table 3). Taxonomic groups responsible for
the positioning of each sample along axis 2 of the RPCA plots
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were identified by QURRO in the same way as described above
for seasonal differences along axis 1 in prokaryotic and eukaryotic
datasets. The most contributing taxonomic groups were filtered
from ranked features (ASVs) of the complete prokaryotic and
eukaryotic datasets (using a 3% top/bottom threshold) but also
from pairwise datasets composed of each of the polymer types
and the reference samples (Q-PE, Q-PP, Q-PS, and Q-PV(; using
a 2% top/bottom threshold, accounting for the slightly lower
numbers of ASVs present in pairwise subsets). The resulting
prokaryotic and eukaryotic taxonomic groups were combined in
non-redundant tables, and the association of features (ASVs) to
the polymer or the reference sample end of axis 2 was color-coded
in these tabular overviews (Supplementary Tables 3A, 4A).
Pairwise t-tests using the current log-ratio values corresponding
to the most contributing taxa between all particle groups
confirmed significant differences (and indicated tendencies at
slightly higher p-values) between those groups, which have been
already detected permutation tests on the full 165 and 185
datasets but also revealed considerable overlap between other
groups (Supplementary Tables 3B, 4B).

Bacterial Taxa on Microplastic Particles
The list of bacterial taxa contributing to axis 2 of the full and
the pairwise datasets consisted of 207 non-redundant ASVs.
Thus, a considerable overlap of 47 ASVs could be identified
that were present in full and in any of the four pairwise
datasets (Supplementary Table 3A). Furthermore, log-ratio
plots calculated from selected taxa showed that the sample
groups (particle, season) differed considerably (Supplementary
Figure 2A): PE samples always showed more negative log-ratio
values than other particles, indicating that the denominator taxa
were more abundant as compared with the numerator taxa.
However, it should be noted that the reference samples (as the
most contrasting samples) received log-ratio values in the range
from —0.5 to 0, which means that numerator and denominator
taxa were present in comparable amounts in these samples (based
on RPCA). Interestingly, the log-ratio values of particle groups
showed a shift to more negative values in summer samples, which
can be caused by either a decrease of the numerator taxa or an
increase in the denominator taxa used for log-ratio calculations.
Analysis of pairwise subsets of bacterial data showed a similar
trend based on unique selections of taxa from each subset: each
particular selection of taxa resulted in a clear separation of
microplastic biofilms from the mineral reference biofilms in the
spring and summer experiments (for details of pairwise analyses,
see QURRO visualizations of pairwise prokaryotic datasets in

Supplementary Material).

The non-redundant list of the selected taxa (207
ASVs) is assigned to the orders Chitinophagales,
Cytophagales, Flavobacteriales, Candidatus Kaiserbacteria,

Pirellulales, Planctomycetales, Rhizobiales, Rhodobacterales,
Sphingomonadales, Burkholderiales, and Verrucomicrobiales
(containing at least 5 ASV's) and 48 orders with less than 5 ASVs
(Supplementary Table 3A). Within Chitinophagales, ASVs
classified as Chitinophagaceae (family) were exclusively found
in the numerator group (reference particle end). In contrast,
some of the Saprospiraceae ASVs were clustering with reference
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particles and others with polymer particles. Ten ASVs classified
to the order of Pirellulales were found exclusively at the polymer
particle end of feature rankings. Only one ASV of this order
was found within the reference particle end. ASVs of the family
Comamonadaceae (order Burkholderiales) represent another
taxa example filtered out mainly from the polymer particle
end of feature rankings (16 ASVs). Only two belong to the
reference particle end.

Eukaryotic Taxa on Microplastic

Particles

The list of eukaryotic taxa extracted from axis 2 of the full
and the pairwise RPCA ordination (same percentage filtering
as for bacterial data) resulted in 226 non-redundant ASVs with
complete overlap of 90 ASVs (Supplementary Table 4A). Log-
ratio plots of the selected taxa from the entire dataset showed
that the “denominator” taxa are more abundant in PP biofilms
(spring and summer) and PE biofilms (summer) in comparison
with the “nominator” taxa (Supplementary Figure 2B). Quartz
(Q) samples differed most from PP samples with log-ratio values
above 3 in spring samples and ca. 0.8 in summer samples. As
previously observed for bacterial microbiomes, a shift to more
negative log-ratio values could also be observed in the summer
experiments for eukaryotic samples.

Log-ratio calculations using taxa obtained from pairwise
analyses showed clear separation of most polymer samples from
reference samples within each season, except for Q and PVC
samples in the summer experiment (see QURRO visualizations
of pairwise prokaryotic datasets in Supplementary Material).

The largest taxonomic groups found within the selected
taxa (whole and pairwise datasets) were ciliates, e.g., the
Conthreep clade, and the orders Litostomatea and Spirotrichea
(Supplementary Table 4A). Within the Conthreep clade,
ASVs of the family Oligohymenophorea were predominately
associated with polymer samples, while ciliates of the families
Phyllopharyngea, Prostomatea, Haptoria, and Hypotrichia
cluster more with reference samples as well as the family
Heterotrichea, another ciliate group assigned to the class
Postciliodesmatophora. Several ASVs assigned to green algae
(unfortunately with incomplete taxonomic classification from
order to genus levels in the SILVA reference database) were
also enriched in polymer biofilms (e.g., Chaetophora incrassata,
Microspora sp., Oedocladium prescottii, and Radiococcus sp. in
addition to two ASVs with lacking classification). Several ASVs
of the phylum Peronosporomycetes were identified from Q-PVC
datasets, indicative of PVC samples. However, the available
taxonomic classification is incomplete in SILVA; this group
was previously called Oomycota and belongs to the SAR clade
of primarily unicellular eukaryotes. A few other groups were
enriched in reference samples, such as Nematodes of the order
Diplogasterida and Monhysterida, except for one ASV of the
order Chromadoria was identified in full and all four pairwise
datasets as indicative for polymer particles. A large group of nine
ASVs was classified as Rotifera, multicellular animals present in
almost all habitats, six of them from the reference particle end of
feature rankings, two from PS/PVC specific rankings, and one
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each from Q (whole dataset) and PVC (Q-PVC dataset) ranking
(Supplementary Table 4A).

Functions of Bacterial Communities

The functions of bacterial communities were predicted by
FAPROTAX (Louca et al, 2016) and revealed a broad range
of functional similarities between the biofilm and stream water
communities but showed also differences in relative abundance
between different polymer, quartz, and water samples, as well
as between spring and summer experiments. Functions detected
in biofilm, but not in water samples, were aerobic nitrite
oxidation, chitinolysis, manganese oxidation, and nitrification.
Some functions are more abundant in spring samples within
these groups, such as nitrification and aerobic nitrite oxidation.
In contrast, other closely related functions such as photosynthetic
cyanobacteria, photoautotrophy, and oxygenic photoautotrophy
were more abundant in biofilm samples collected in summer.
Discriminating functions between polymer and quartz samples
are rare, except for aromatic compound degradation and
photosynthetic cyanobacteria/oxygenic photoautotrophy, which
were not detected on quartz samples. Although many functions
detected in stream water communities were also observed in
biofilm communities, some functions were prevalent to stream
water communities, such as dark oxidation of sulfur compounds,
dark sulfite oxidation, and iron respiration, and — more restricted
to water samples collected downstream of the WWTP outlet
(the site of the exposition experiment) - functions related to
xylanolysis, animals, and the human gut, respectively (Figure 3).

Pathogen Identification in Biofilm
Communities

In addition to the taxonomy-based identification of potential
human pathogens by FAPROTAX (see above), a sequence-
based identification of putative pathogens was performed using
the 16sPIP tool and a manually curated pathogen database
(Miao et al., 2017). Sixty-nine putative pathogenic bacteria were
identified in at least one biofilm or water sample (34 taxa
overlapping between biofilm and water samples, 21 taxa only
detected in biofilm samples, and 14 taxa only detected in water
samples). The most abundant putative pathogen, Enterobacter
ludwigii, was detected in all samples but exhibited higher relative
abundance (up to 0.173%) in biofilm samples than water samples.
The seven most abundant pathogens (E. ludwigii, Aeromonas
hydrophila, Nocardia farcinica, Afipia broomeae, Pseudomonas
aeruginosa, Acinetobacter Iwoffii, and Klebsiella pneumoniae)
represented together over 80% of the sequence reads of putative
pathogenic bacteria (Supplementary Figure 3).

DISCUSSION

Our study investigated whether prokaryotic and eukaryotic
biofilm communities differ in their microbial composition
between particle types (polymers and quartz) and between two
experimental timepoints (seasons) within 1 year. We could
show that bacterial and eukaryotic microbiomes cluster between
biofilms by only two factors, a seasonal factor and a particle
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type-specific factor, both together explaining approximately 95%
of data variation. Notably, the relative position of biofilm
samples along the particle type-specific factor exhibited strong
similarities between spring and summer samples, suggesting that
substrate characteristics were responsible for biofilm formation
in independent experiments.

It has to be noted that the species composition of
biofilms is difficult to compare between different studies. Next
to the influence of season, the initial species composition
may be highly different between ecosystems, or even similar
ecosystems may differ in their microbial species compositions
due to different biotic and abiotic factors and, thus, influence
biofilm formation and composition (see Figure 4 in Battin
et al, 2016). Furthermore, in situ exposure experiments are
hardly comparable with laboratory studies concerning species
composition. Microbial species of sampled water represent a
one-time inoculum and differ considerably from the dynamic
inoculum of streams. The exposition site selected for our
experiments is located ca. 500 m downstream of the outlet of
a WWTP, which is the first plant along this headwater stream
(source: urban wastewater map at www.thru.de). Having these
thoughts in mind, we attempt to compare our results with similar
studies in the following sections.

The most abundant prokaryotic phyla in biofilm samples were
Proteobacteria, Bacteridota, and Planctomycetota, representing
up to 80% of the relative abundance in these samples. On
the other hand, planktonic water samples differed mainly
from biofilm samples by the relatively high abundance of
the class Actinobacteria and the lower relative abundance of
Planctomycetes. The overall prokaryotic composition of biofilm
and planktonic samples in our study largely coincides with
results of a recent meta-analysis of plastisphere communities
from different environments, including freshwater plastisphere
and plankton (Wright et al., 2021).

Applying the high resolution power of RPCA (Martino
et al, 2019) on sparse compositional microbiome datasets
and filtering ranked ASVs from the ordination ends,
we could show in our study that prokaryotic taxa of the
Saprospiraceae (Bactegroidia), Pirellulales (Planctomycetota),
and Comamonadaceae (Gammaproteobacteria) were detected
multiple times (independent ASVs) as enriched taxa on
microplastic particles compared with reference particles.
Recently, a laboratory study of developing biofilms on PE, PP,
and other natural particles incubated in sampled freshwater
from Xuanwu lake (China) revealed Gammaproteobacteria
as one of the bacterial groups that were more abundant
(based on relative frequency) on PE particles compared
with other particles (Miao et al, 2019). This observation
agrees in part with our findings from exposure experiments
performed in a natural environment, as the ASVs of the
Comamonadaceae  (Gammaproteobacteria)  were  highly
indicative for polymer-specific biofilms. In contrast, other
Gammaproteobacteria for
reference samples.

The most abundant eukaryotic taxa detected in our
experiments were Ciliophora, Diatomea, Holozoa, and
Gastrotricha, representing ca. 60-85% of relative frequencies

taxa were more indicative
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in the samples. These findings overlap in part with eukaryotic
taxa found on plastic particles in brackish ecosystems (Kettner
et al., 2019), despite that freshwater streams and brackish coastal
water constitute quite different environments. A potential
eukaryotic key taxon for PE biofilms in brackish water has
been identified as an unclassified Monogononta (phylum
Rotifera) by Kettner et al. (2019). Still, it remains unclear
whether the corresponding 18S sequence is similar/identical
to any of the Rotifera ASVs identified in our experiments.
Furthermore, additional ASVs classified as Rotifera were
enriched on reference particles, and only two ASVs (order
Ploimidia, class Monogononta) were more abundant on PS
and PVC samples. Eukaryotic biofilms on low-density PE
(LDPE) membranes have also been investigated by ARISA and
sequencing clone libraries in the Marne river (Fechner et al,
2010). Although the sequencing depth is not comparable with
185 metabarcoding, the obtained 5.85 sequences also represented
mainly diatoms and ciliates.

In our study, many ASVs assigned to Ciliophora have been
identified as accountable taxa to the clustering of samples along
the polymer axis of the RPCA plot. This phylum diverged from
other eukaryotes approximately 1,143 Ma ago and split into
large classes such as CONThreeP (in SILVA: Conthreep) and
Spirotrichea (Fernandes and Schrago, 2019). Although ciliates
were ubiquitously identified on polymer and reference particles,
members of the Oligohymenophorea family (Conthreep clade)
were more associated with polymer particles, in particular PE
and PP, while members of the families Phyllopharyngea and
Prostomatea (Contreep clade), Haptoria (order Litostomatea),
and Hypotrichia (order Spirotrichea) were equally distributed
or even more often associated with reference particles (Q). An
extensive review on the functional diversity of aquatic ciliates
(Weisse, 2017) has shown that ciliates cover many ecological
niches and a broad range of trophic layers ranging from
heterotrophs (bacterivores, herbivores, omnivores, carnivores,
etc.) to symbionts (commensals, parasites, mixotrophs,
and even photoautotrophs). The differential abundance of
distinct ciliate taxa (distinct ASVs) in the different polymer-
specific biofilms could possibly be explained by such a ciliate
diversification into different ecological niches and shows that
a complex biofilm community with different trophic layers
has been developed even on a comparably young biofilm
of only 4 weeks.

With respect to biofilms on different plastic types, the
development and succession of biofilms of different plastic and
glass substrates have been investigated in marine environments
by scanning electron microscopy and 16S sequencing (Pinto
et al., 2019). Significant differences in the bacterial communities
were observed on PVC compared with other plastic types
and glass surfaces after 10 days of exposure in this natural
saltwater environment. This observation agrees well with
recent findings that the early-stage biofilm formation on
microplastics depends on environmental medium and polymer
properties, particularly with the comparably high structural
diversity of PVC samples in seawater compared with freshwater
(Ramsperger et al., 2020a). If comparable fast colonization also
occurred in our freshwater experiments, it is intriguing to
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assume that slightly different bacterial communities on particles
can influence the subsequent colonization of the particles
by specified eukaryotic predators. Such trophic predator-
prey interactions certainly occur multiple times in natural
biofilms and highlight the need to investigate these interactions
at the basis of the food web in much more detail to
explore the fate and persistence of microplastics in the
environment.

Prediction of functional abundances in bacterial communities
of different polymer types and the surrounding water samples
highlighted functional profiles that differed between water and
biofilm samples, between the two seasons, and between various
particle types. A possible contribution of the WWTP effluent to
microbial communities could be detected in functions ascribed
to mammalian gut bacteria and xylanolysis (occurring during
digestion of plant material in the rumen), which were only
found in water samples at the experiment site (downstream
of the WWTP) but not in water samples collected upstream
of the WWTP. However, gut-related functions were almost
absent in biofilm communities of plastic and quartz particles,
indicating that gut-related microbes present in stream water
do hardly contribute to biofilm communities. Although the
putative origin of gut-affiliated functions from the outflow of
the WWTP is intriguing, other potential sources such as cattle
grazing areas with surface water runoffs entering the stream
upstream of the experiment site but downstream of the second
water collection site cannot be ruled out. Furthermore, functions
related to photoautotrophy, e.g, cyanobacteria, are more
abundant in summer, suggesting an increase in photosynthetic
microorganisms in biofilms as described for cyanobacterial
bloom in rivers and lakes (Larsen et al., 2020). On the
other side, nitrification (including aerobic nitrite oxidation)
is more abundant in spring samples as it has been observed
in freshwater lakes (Massé et al, 2019). Aerobic ammonia
oxidation, another sub-function within nitrification, has not been
detected by FAPROTAX in any sample, although included in the
FAPROTAX database. Differentiation between organic polymers
and inorganic quartz samples is weak and only detected with
photosynthetic cyanobacteria/oxygenic photoautotrophy and for
aromatic compound degradation. The latter function has also
been described as an enriched function in the plastisphere of
freshwater and saltwater (Li C. et al, 2021). However, more
experiments are necessary to investigate whether metabolic
processes of aromatic compounds correlate with organic (and
potentially degradable) surfaces (in contrast to quartz particles).

Pathogenic bacteria, identified based on 165 sequence
comparison (16sPIP tool), were detected in biofilm and water
samples at the same abundances described for sewage and
WWTP (Li D. et al, 2021), Few bacterial species dominated
the profile of pathogenic bacteria in biofilm samples; the seven
most abundant pathogenic bacteria already represented over
80% of the 69 identified pathogenic bacteria in biofilm samples.
E. ludwigii has been recently identified in a case of catheter-
associated bloodstream infection with massive aggregation of
the bacterium outside the central venous catheter (Wagner
et al, 2020). Other pathogens have also been reported as
colonizers of PE and PP (A. hydrophila: Thomas et al., 2020),
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as possible degraders of LDPE and as microplastic surface
colonizers (N. farcinica: Soleimani et al., 2021; Yi et al., 2021), or
were identified as so-called ultramicrocells from drinking water
systems made of PVC pipes (Afipia sp.: Silbag, 2009). Identifying
pathogenic bacteria at similar percentages over a broad range
of polymer and quartz surfaces suggests that these potentially
harmful microorganisms can colonize many surfaces.

Our results contribute to the knowledge of microplastic
biofilm communities, and it is to our best knowledge the
first report of parallel analysis of prokaryotic and eukaryotic
(mainly protists) communities on various polymers in headwater
streams, We show that polymer-specific community differences
can be identified from complex microbiome datasets despite
the seasonal dynamics of biofilm communities. While functional
differences in biofilm communities could be detected along
the seasonal gradient, polymer- and quartz-specific functional
differences are weak (but not absent) and should be further
investigated in the future. Finally, a surprisingly strong
correlation of polymer-specific clustering in prokaryotic and
eukaryotic communities could be discovered, which could
serve as a starting point for designing new experiments in
microplastic research.
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Table S1.xlIsx: Excel spreadsheets containing the most contributing prokaryotic features along
axis 1 (seasonal axis) including t-test results

Table S2.xlIsx: Excel spreadsheets containing the most contributing eukaryotic features along
axis 1 (seasonal axis) including t-test results

Table S3.xlIsx: Excel spreadsheets containing the most contributing prokaryotic features along
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axis 2 (particle axis) including pairwise t-lest results
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Figure S2.pdf: Current log-ratio plots for RPCA axis 2 (particle axis) for prokaryotic and
cukaryotic data sets

Figure S3.pdf: Pathogenic bacteria detected in biofilm and water samples
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Figure S1: Log-ratio calculations of most-contributing features of prokaryotic (A) and eukaryotic
(B) data sets to the season-specific axis 1 in RPCA plots. The respective list of features (ASVs) were
filtered from RPCA data files using a 1% autoselection threshold (QURRO plugin to Qiime).

276



Published articles and manuscripts

A B

Prokaryota Eukaryota
o ® 4 Type
® @ PE
3 @ PP
-0.5- ~ - PS
. 2] = ® PVC
2 o ®Q
2-1.049 |
o] i
1 . .
! @
g 0 ®
.15 e °
L
3 -14
©
2-2.0 ™ ol
“5 @
® [ ]
.25 g i
8]
®
9 -4 - ~
-3.0- ®
-5 ®
®
L
| | | I | I | | | | | | I | I | | | | |
O;Q"(x ’QQ ogq‘-’o R ,O,(Q*’o f(QQ (}QG) 3 R rZ},(J., q’QQ/ gQ q’ch 3 % (50,'&9‘(/ <RQ (,Q R\ é,o,
4 o coST e 8 e PPy NS
FEIFTSL LS F &S L & @
Q A &L Q &R &L
Season-Type Season-Type
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(B) data sets to the particle-specific axis 2 in RPCA plots. The respective list of features (ASVs)
were filtered from RPCA data files using a 3% autoselection threshold (QURRO plugin to Qiime).
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Figure S3: Potential pathogenic bacteria in biofilm and water samples, predicted by 16sPIP (Miao et
al., 2017)
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Abstract:

Mieroplastics (MPs; <5 mm) in the environment have in the recent years come to be increasingly scrutinized
as sites of colonization and interaction for different types of microorganisms. Different MPs polymer types
are known to harbour distinct microbial communities on their surface forming biofilms termed as the
plastisphere. To date, a detailed multimolecular profiling of the plastisphere on different MPs polymer types
in association with their native environment has not been established. Probing these profiles may help in
obtaining a quick snapshot of the contents of the plastisphere and may aid in the identification of
plastisphere fingerprints, which are specific to a MPs type. Specific plastisphere fingerprints on MPs would
allow the direct measurement of MPs within an environmental sample without the currently performed
pre-processing of a sample like the MP isolation and purification from the environmental matrix. Therefore,
we apply micro-Raman spectroscopy to achieve a label free and non-invasive investigation of the molecular
profiles of the plastisphere on the surface of 12 different synthetic polymer types. We incubated MPs pellets
(~3 mm) and glass pellets (as non-plastic control particles) in a microcosm consisting of freshwater (F'W)
and artificial scawater (SW) for a duration of 30 days, and analysed those using micro-Raman spectroscopy
and scanning electron microscopy. Our investigations reveal morphologically diverse microorganismal
structures and a heterogencous distribution of associated key molecular signatures as arising mainly from
extracellular polymeric substances (EPS). Our results highlight that the microbial diversity and biomass of
the plastisphere in FW incubated MPs is relatively higher in comparison to the SW incubated MPs.
Although there were no MPs specific plastisphere fingerprints detected with micro-Raman spectroscopy,
the plastisphere molecular profiles investigation allowed for the acquisition of spectral variants of MPs
influenced by the presence of microbial biomass on their surface. A microbial biofilm influenced MPs
spectral variant library is provided, for the utility of the MPs research community. This will help to
overcome the time- and cost-intensive complex pre-treatment of MPs in environmental matrices, which

enables the direct identification of environmental MPs.

Keywords: Microplastics, Biofilms, Plastisphere, EPS, Biomolecules, Raman spectroscopy, SEM
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1. Introduction

A scenario that is consistent with the current scheme of things related to the world’s pollution is that the
increased production of plastics leads to increased amounts of plastic litter in the environment (Andrady,
2011). This plastic litter may be compiled of different size classes such as the mega (>1 m), macro (=10
mmy), meso (<10 mm), micro (MPs; <5 mm) all the way down to the nanoplastics (NPs; <lum) size range
(Hartmann et al., 2019; Imhof et al,, 2017; Lusher et al., 2017). In the last decade, plastic pollution has
developed into an issue that is a major cause of concern due to its impact on the environment (Klein et al.,
2018; MacLeod et al., 2021; Rhodes, 2018; Takada et al., 2022). This led to an avalanche of research focussed
primarily on MPs and NPs as these predominantly constitute the size fraction that can be adsorbed by
primary producers and ingested by higher trophic level organisms like the zooplankton, birds, fish,
mammals etc., across different environments (Arp et al., 2021; Gomes et al., 2022; Raju et al., 2021; Wright
etal.,, 2013). With aspects like the sources of MPs and NPs, standardization and harmonization of extraction
and analysis methodologies, abundances, spatial and temporal distribution and their ecotoxicological
impacts on organisms in different environments are being rigorously investigated in rescarch labs across
the world (Banerjee and Shelver, 2021; Méller et al., 2020; Riveros et al., 2022; Talbot and Chang, 2022;
Trotter et al., 2021; Wang et al., 2021). Along with the aforementioned aspects, a budding topic of interest
has emerged in association with MPs, which is the selective colonization of microorganisms on its surfaces.
A phenomenon described by Zettler et al. (2013), by the coinage of the term the “plastisphere™ (Miao et

al., 2021; Tiwari et al., 2022; Wright et al., 2021; Zettler et al., 2013).

The development of a plastisphere in general begins with the formation of a conditioning film, or the eco-
corona, on the surfaces of MPs, which form within time periods of a few minutes to hours depending on
the native environment and associated physico-chemical conditions (Bhagwat et al., 2021; Ramsperger et
al., 2020; Rummel et al., 2017). The eco-corona may facilitate the arrival of the first colonizers, which will
be followed by a dynamic development into a thick matrix of microorganisms and associated extracellular
polymeric substances (EPS) on the MPs surface (Lawrence et al., 2016; Siboni et al., 2007). This complex
organization of microorganisms associated with a surface can be collectively referred to as the biofilm
(Flemming and Wingender, 2010). The biofilm may include a host of microorganisms ranging from bacteria,
algae, fungi and viruses etc., differing in phylogeny and functionality embedded in a matrix composed of
EPS (Flemming and Wingender, 2010; Gkoutselis et al., 2021; Rummel et al., 2017). In general, the biofilms
are important for microorganisms to perform functions such as protection against UV light, nutrient
accumulation, waste product removal, toleration of dehydration, antibiotic resistance, toxic substance
removal and protection from grazers (Flemming and Wingender, 2010). MPs surface serve as an ideal
substrate for microbial growth and biofilm formation due to its stability and persistence in the environment
(Barros et al., 2020). Many studies have shown that the characteristics of MPs such as their inherent
chemistry, surface roughness, hydrophobicity, surface free energy influence the presence of unique
microbial species in the plastisphere (Xie et al., 2021; Zhang et al., 2022). Nevertheless, other physico-

chemical parameters relevant to the environment such as light, salinity, pH, temperature, nutrient
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concentration, oxygen levels, dissolved organic matter (DOM) and incubation period have also been shown
to play a major role (Barros and Seena, 2021; Basili et al., 2020; Harrison et al., 2018; Rummel et al., 2021).
However, it remains a matter of debate as to which of these factors may have more weightage and influence
in supporting the growth of specific microbial communities on different types of MPs (Coons et al., 2021).
Plastisphere in principle could potentially have negative effects for the environment, organisms and human
health. For example, pathogenic microbial species, persistent organic pollutants (POPs) and toxic metals
may hitchhike within the plastisphere and get transported to different trophic level organisms via the food
web (Strungaru et al., 2019; Weig et al., 2021; Zettler et al,, 2013). Furthermore, the plastisphere may alter
the density of the MPs leading to differences in their sinking behaviour resulting in their transport within
the water column even reaching sediments leading to the underestimation of MPs abundances in the
aqueous environments (Lobelle et al., 2021). However, on the brighter side, the plastisphere may also
harbour microbial communities, that are capable of facilitating the degradation of plastic debris which can
be amongst a potential solution in the future for the remowval of this debris from the environment (Vaksmaa

et al.,, 2021; Zhou et al., 2022).

The microbial communitics in the plastisphere in freshwater (FW) and marine water environments werc
analyzed cither by incubating the particles for several months or years (Artham et al., 2009; Hossain et al.,
2019; Webb et al., 2009) or analysing microplastic particles isolated directly from the environment with
unknown incubation times (Oberbeckmann et al., 2014; Zettler et al,, 2013). To date, the biodiversity and
structure of the plastisphere has been predominantly analysed using confocal laser scanning microscopy
(CLSM) in combination with the metagenomic sequencing analysis (Bartkova et al., 2021; Di Pippo et al.,
2020; Miao et al., 2021). Interestingly, it was described that there can occur distinct polymer-specific
microbial communities that are additionally different to natural surfaces like wood or glass, which were
discussed to origin from the physicochemical characteristics of the different polymers (Huang et al., 2022;
Ramsperger et al., 2020; Weig et al., 2021; Zettler et al., 2013; Zhang et al., 2022). However, an in-depth

multimolecular analysis of the aqueous plastisphere has so far not been performed.

To fill the current gap in lack of an in-depth multimolecular profiling of the plastisphere, we envision the
application of micro-Raman spectroscopy that allows a non-invasive monitoring of molecular signatures of
individual microorganisms and complex biofilms at a high spatial resolution (Cialla-May et al., 2022; Ivleva
et al,, 2017, 2008; Kusic et al., 2015; Wagner et al., 2009). The technique has been applied in many studies
for non-destructively investigating the microbial biofilm heterogeneity and for its characterization,
respectively (Beier et al,, 2012; Feng et al., 2015; Hrubanova et al,, 2018; Kusi¢ et al., 2015; Nag et al,, 2021).
To date, it has not been investigated whether there are polymer-specific spatio-chemical compositions of
the plastisphere and whether differences in the chemical signatures could be used to distinguish between
different polymer types in a complex matrix, which may aid in the easier identification of MPs from complex

environmental matrices.
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2. Materials and Methods
Microplastic (MPs) and glass particles

MPs and glass pellets were obtained from different sources and have been listed in Table S1. Representative

images of the particles are also visualized in Fig. S1.
Microcosm setup
Sample collection and biofil tncubation

Freshwater (FW) and artificial seawater (SW) samples were collected in July 2021, the FW samples were
collected from a stream wherein the water from the nearby waste water treatment plant (WWTP) located
in Bayreuth, Germany is channelled out and the SW were collected from the in-house marine aquarium
facility located at the Animal Ecology I department, University of Bayreuth., The water samples were
collected in 10L Teflon containers, which were thoroughly sterilized with 70% ethanol followed by rigorous
rinsing with distilled water and finally by rinsing thrice with the water from the source. These samples were
then filtered using 10 um pore size (Whatmann filter papers) to remove any large debris and small organisms
prior to channelling of the water into sterilized 11 Erlen-Meyer flasks which serve as the microcosm (Fig.

$2). The FW and SW samples are the sole source of microorganisms for the formation of plastisphere.

A total of 26 microcosms were used. Each microcosm consisted of 1L of either FW or SW spiked with
one, out of 12, types of MPs or glass pellets with ~175-200 particles included in each individual microcosm.
Glass pellets were used as the non-polymer control or reference particles. Hence, 13 microcosms were
designated for FW incubation and 13 others were designated for SW incubation respectively. The
microcosms were incubated with continuous aeration in a climate chamber (20 °C + 1 °C) with a day-and-
night-simulating photoperiod (15h light; 9h darkness) for a time period of 30 days (Fig. 82). pH in the
microcosms was monitored on a weekly basis and no drastic changes were detected throughout the

incubation petiod (pH 7 £ 0.5).
Micro-Raman instrumentation, sample preparation and Raman image analysis

The Raman spectroscopic measurements were performed using a commercial micro-Raman instrument
Witec Alpha-300 RA+ (Witec, Ulm, Germany). A frequency doubled Nd-YAG laser with a wavelength of
532 nm was used as an excitation source, focal length of the spectrometer is 300 mm and is equipped with
a grating having a groove density of 600 lines per mm to give a spectral resolution of about ~ < 3 em ! and
a 50x magnification objective was used for the measurements (more details of the instrument can be found
elsewhere (Ritschar et al., 2020)). For the acquisition of Raman images, the sample particles were carefully
hatvested from the microcosms using sterile, ungraduated, extra-long glass Pasteur pipettes (VWR) with a
custom made cut big enough to collect the particles. The particles were transferred directly into a Petri dish
filled with tap water. Following this step, the particles were picked using small soft hold steel spring forceps

and gently rinsed in tap water collected in two different Petri dishes to wash off the loosely bound
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planktonic cells. Finally, the particles were transferred to a concavity glass slide consisting of a drop of tap
water and immediately used for Raman measurements (Fig. 83). The surface of the pellet was then searched
for the presence of clusters of biofilm-associated cells as an indicator of plastisphere on the surface. Raman
images were then acquired from these target regions by executing a large area z-stack scan based on point-
by-point spectral mapping method (100 ms per point exposure time) with a step size between ~ 400-500
nm covering an area of ~75 X 75 um or more depending on the cell cluster size on the MPs surface in x
and y directions and 20 um in the z direction. The spectral range was selected between 3600-500 cm~1. The
step size in the z direction was set to 2 um, resulting in the acquisition of 10 layers in the z-stack. Each
Raman image required an acquisition time of ~ 1-1.5 h and comprised of a data set constituting a total of
approximately 25,000 spectra. The Raman images were processed using the Witec integrated Project
software (version 5.3) and were subjected to true component analysis (I'CA) coupled with spectral demixing
to visualize the spatial distribution of different components within the Raman image (example; MPs
signature and biomolecules signature). More details about TCA are described elsewhere (Ritschar et al.,
2020). The Raman spectrum of true components were pre-processed (baseline correction) using GNU R
versions (2.15.3 and 3.5.1) and Originlab software version 8.5.. Inkscape (Version 2.0.1) was used for
visualization of data. Sample size is n = 2 (technical replicates), all measurements were performed on 2
different pellets corresponding to each type of MPs and glass pellet. 3D reconstruction; at each layer within
the 10 layers of the z-stack, a spectral point map was created by plotting the intensity of each of the spectral
component as a function of the position. These maps corresponding to unique spectral components were
then merged together using Fiji Image] software and 3D visualizations was created using the volume viewer
mode available within the Fiji Image] 3D plugin (Schmid et al., 2010). It is important to note that Raman
measurements have not been performed for PMMA MPs as the fluorescence signal of PMMA completely

masked the Raman signal of the plastisphere and the underlying MPs.
Plastisphere Raman MPs spectral variant library

We provide the underlying pre-processed Raman spectral data acquired in this study together with the meta
data as an R package, the “RaMPP” lib. We further include a shiny app in this package to provide a simple
tool for visualization and comparison of the spectral variant data with other data from the library or a
spectrum recorded by the user. To achieve this, we used R version 4.0.3 (Core Development Team, 2020)
with the package shiny version 1.7.1. The app makes use of the packages ggplot2 for visualisation and
pracma version 2.3.6 for interpolating parts of user spectra, in case they have a lower resolution compared

to our data.
Scanning Electron Microscopy (SEM) measurements

Two particles for each treatment were sampled for scanning electron microscopy (SEM) investigations.
The particles were transferred into a 12 well plate (CellStar, Greiner Bio-One, Frickenhausen, Germany)
and fixed for 1 hour in ImL Karnovsky's fixative (2% paraformaldehyde (PFA) and 2.5% glutaraldehyde

in 1x PBS). Subsequently, an ethanol series was conducted for dehydration of the biofilm. Therefore, the
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fixative was replaced by 1mlL of the corresponding ethanol concentration (1x 30% & 50% for 15min each
at 4°C, 1x 70% & 90% for 15min each at -20°C and 3x absolute ethanol for 20 min at -20°C). Then, the
samples were dried twice in 1ml. hexamethyldisilazane (HMDS, Carl Roth GmbH) for 10min at room
temperature and stored in a desiccator until complete drying, The dry samples were placed on carbon
conductive tabs (@ 12 mm, Plano GmbH, Wetzlar, Germany) fixed to aluminium stubs (& 12 mm, Plano
GmbH, Wetzlar, Germany) and sputter-coated with 2 nm carbon and 2 nm platinum (Leica EM ACEGO0,
Leica GmbH, Wetzlar, Germany). They were analysed with a scanning electron microscope (JSM-IT500,

Jeol, Joel GmbH, Freising, Germany) at 3-4 kV using an Everhart-Thornley Detector.

3. Results

Plastisphere sorphology and distribution-SEM investigations

SEM investigations indicated the presence of distinct differences in plastisphere morphology and
distribution on the surfaces of different MPs polymer types in association with the corresponding FW and
SW incubations. Firstly, with respect to the FW incubations, a thick layer of plastisphere was observed in
Polyamide (PA), Polyethyleneterepthalate (PET), Polystyrene (PS), Polyurethane (PU), Polycarbonate (PC),
Polyvinylchloride (PVC) and Acrylonitrile Butadiene Styrene (ABS) MPs surfaces respectively (Fig. 1), In
contrast to these MPs surfaces, a relatively minimal or less thick layer of plastisphere was observed on
Polyethylene (PL), Polypropylene (PP), Polymethylenemethacrylate (PMMA), Polyoxymethylene (POM),
and Styrene Acrylonitrile (SAN) MPs surfaces. Interestingly, the glass pellet surface in general showed no
prominent microorganismal structures, which was not adequate to indicate biofilm growth. Secondly, with
the SW incubations, the presence of a minimally thick plastisphere was observed in PET, PS, PU, PVC and
SAN MPs surfaces respectively. In contrast, all the other MPs surfaces only had a random distribution of
cells but not enough microbial growth to indicate the presence of a plastisphere. As in FW incubations, the
SW incubated glass pellet surface did not have any prominent microorganismal structures that were

indicative of biofilm formation (Fig. 1).

The prominent microorganismal structures detected on the surface of some of the MPs mentioned above
either show morphologies that resemble rod-shaped or coccoid-like bacteria (e.g. PE Fig.1 (C, D)),
thombus and sphere shaped diatomic structures, dense tubular structures, etc. wherein all of these
structures are seen embedded into the EPS matrix (Fig.1 C, G). Elongated filament like structures
resembling hyphae and elongated chains of bacteria were also observed for example on PA and PC
incubated in FW (Fig. 1). All types of MPs incubated in FW generally highlighted the presence of a dense
and morphologically diverse plastisphere on its surfaces in comparison to their SW counterparts, which
indicated only minimal plastisphere presence or no presence of microorganismal structures at all. For
example: PA incubated in FW was almost entirely covered by microorganismal structures indicating the
presence of a dense plastisphere (Fig. 1(I)). In contrast, only planktonic cells were visible after the same

incubation time in SW on the surface of PA (Fig. 1(J)). This observation was also true for PE'T (Fig. 1(G,
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H)), although the SW incubated PET plastisphere coverage was more pronounced in comparison to the
SW incubated PA. This pattern of results was consistent in all the other types of MPs (Fig. 1) except for
PE, PP, SAN, PMMA and POM MPs incubated in both the environmental media (Fig. 1(C, D, K & L)).
The latter showed a rather plain surface with microorganismal structures seen only in close proximity to
cracks of the MPs surface and were predominantly cells. The glass pellets surface interestingly showed no
microbial biomass coverage after the incubation in both environmental media (Fig. 1 (A, B)). The
molecular fingerprints of the plastispheres, which was seen to be composed of a diverse array of

microorganismal structures, was then investigated using micro-Raman spectroscopy.

Figure 1: Representative SEM images of the plastisphere on the surfaces of MPs incubated in FW and SW;
A= glass pellets incubated in FW, B= glass pellets incubated in SW, C= PE incubated in FW, D= PE incubated in
SW, E= PS incubated in FW, F= PS incubated in SW, G= PET incubated in FW, H= PET incubated in SW, I= PA
incubated in FW, J= PA in SW, K= PP incubated in FW, L= PP incubated in SW. Each image shows the overview
of the MPs surfaces with two representative magnified images. Images were obtained at 3-4 kV using an Everhart-

Thornley detector.

288



236

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

252

253
254
255
256
257
258
259
260
261
262
263
264
265

Published articles and manuscripts

Molecular profiling of the plastisphere

Miero-Raman spectroscopic investigations revealed the spatio-chemical composition of the plastisphere on
the FW and SW incubated MPs, which indicated that the key molecular signatures in both environments
are predominantly a combination of polysaccharides, proteins, nucleic acids (extracellular DNA and RNA),
lipids and secondary metabolites like carotenoids. These molecules are indicative of a multispecies microbial
community constituting the plastisphere which may be composed of algae, fungi, diatoms, diverse types of
bacteria together with the associated EPS matrix corresponding to the respective incubation medium. These
molecular signatures are well associated with Raman spectroscopic characterization of biofilms (Feng et al.,
2015; Ivleva et al, 2017, 2008). In our study, the micro-Raman imaging investigations revealed a
heterogeneous and spatial distribution of these molecules (Fig.2-7, Fig. 84-89). Raman images acquired
from the target regions on the surfaces of the pellets (region highlighted in vellow within the bright field
image) indicated the presence of unique spectral components corresponding to the plastisphere. Wherein,
each spectral component represents the presence of a unique representative plastisphere molecular
signature. Such as presence of nucleic acids in one spectral component vs presence of carotenoids in
another spectral component and likewise. This is represented in relation to one another and their pristine

ot reference spectral counterpart (Fig.2-7, Fig. $4-89).
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Figure 2: Molecular profiles of the plastisphere on the surface of PS MPs incubated in FW and SW as revealed
by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the PS incubated
for 30 days with the inset representing the region of interest selected for imaging {2-6}. False coloured Raman images
of the collapsed stack indicating the differential intensity distribution of the respective demixed spectral components
{7} Combined image inclusive of all demixed spectral components {6} Mean spectrum of the respective demixed
spectral components compared with the pristine or reference PS specttum (Ref, FW1-FW5) (B.) SW incubation {1}.
Bright field microscopic image of the surface of PS incubated in for 30 days with the inset representing the region of
interest selected for Raman imaging {2,3,4,5}. False coloured Raman images of the collapsed stack indicating the
spatial and differential intensity distribution of the respective demixed spectral components {6} Mean spectrum of the
respective demixed spectral components compared with the pristine glass peller spectrum (Ref, SW 1-SW 4) The
spectral components represent the respective mean spectrum calculated from n=25,000 spectra constituting the
Raman images analysed via TCA coupled with spectral demixing. The Raman image has been visualized here is from
the surface of a single PS MPs sample (FW n=1 and SW n=1)
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These spectral components show characteristic Raman bands corresponding to the plastisphere, which may

be observed in the wavenumber range of 500-3500 cm! respectively (Fig. 2-7, Fig. 54-89, Table S1. S2).
Herein, the Raman bands at ~560, 891, 1094, 1280-1288, 1355 and 1380 cm! correspond to polysaccharides
(Fig. 2-Fig. 7, Fig. 84-89, Table S2. §3). Raman bands at ~520, 531, 643, 665, 670, 677, 691, 696, 741,
746, 747, 833, 871, 876, 1004, 1203, 1540, 1564, 1586, 1661, 1668, 1670, 2924 and 2925 cm'! correspond
to proteins. Nucleic acid (DNA/RNA) signatures appear at 693, 713, 754, 908, 952, 961, 962, 980, 1094
and 1570 em! respcct[vcly. Lipid signatures were seen at ~592, 1302, 1320, 1325, 1334, 1339, 1420, 1420,
1437, 1444, 1452, 1724, 1728, 1775, 1787, 1793, 2835, 2853, 2866, 2958, 29606, 2971, 2995 and 3097 cm'!
respectively. In addition to these signatures there were Raman bands at positions 1123, 1129 and 1580-96
cm! which indicated the presence of cytochrome molecules. Furthermore, carotenoid signatures were
predominantly seen in the wavenumber range 1150-1160 cm™ and 1499-1528 cm! respectively. Finally,
signatures indicative of the presence of water molecules were seen between 3200-3500 cm'! respectively.
The vibrational modes and functional groups corresponding to these Raman band assignments have been
listed in Table 82, 83 (Brazhe et al., 2015; Ivleva et al., 2008; Talari et al., 2015). Overall, it may be stated
that a combination of all these molecular signatures determine the unique spectral components constituting

the molecular profiles of the plastisphere (Fig.2-7, Fig. $4-89).
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Figure 3: Molecular profiles of the plastisphere on the surface of PP MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) F'W incubation {1} Bright field microscopic image of the surface of the PP
incubated for 30 days with the insct representing the region of interest selected for imaging {2-5} False coloured
Raman images of the collapsed stack indicating the spatial and differential intensity distribution of the respective
demixed spectral components {6} Combined image inclusive of all demixed spectral components {7} Mean spectrum
of the respective demixed spectral components compared with the pristine or reference PP spectrum (Ref, FW 1-FW
4) (B.) SW incubation {1} Bright field microscopic image of the surface of PP incubated in for 30 days with the inset
representing the region of interest selected for Raman imaging {2-5} False coloured Raman images of the collapsed
stack indicating the spatial and differential intensity distribution of the respective demixed spectral components {6}
Combined image inclusive of all demixed spectral components {7} Mean spectrum of the respective demixed spectral
components compared with the pristine PP spectrum (Ref, SW 1-SW 4) The spectral components represent the
respective mean spectrum calculated from n=25,000 spectra constituting the Raman images analysed via TCA coupled
with spectral demixing. The Raman image visualized here is from the surface of a single PP MPs sample (FW n=1
and SW n=1)
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A deeper evaluation of the spectral components of the plastisphere indicates the presence of distinct
differences amongst the different types of MPs in relation to the incubation medium and also in relation to
the control glass pellet surface. For example, the molecular profiles acquired from the plastisphere on some
of the MPs such as PS, PET, PA, PE and PP, which are representative of some of the most commonly
used consumer plastics indicated the presence of several unique spectral components in both incubation
environments (Fig. 2-6, Fig. $4-89, (Rhodes, 2018)) with the exception of PE and SAN, incubated in SW
(Fig. 4B and Fig. $4B). The Raman images corresponding to these spectral components represent the
spatial and relative intensity distribution of the Raman bands, constituting a specific spectral component,
which are uniquely colour coded and combined to provide a false colour visualization of the corresponding
plastisphere on the surface. The combination of Raman bands in the spectral components mainly indicated
the heterogeneous presence of nucleic acids, proteins, polysaccharides and lipid signatures along with
predominant carotenoid signatures, which were not observed on the molecular profiles acquired from the
glass pellet surface. This pattern of results was consistent with all other types of MPs with the only exception
of PE and SAN pellets incubated in SW, wherein the molecular profiles did not indicate any presence of

neither microbial growth nor the conditioning film, which was seen in the glass pellet surface (Fig. 4B and

Fig. S4B, Fig. 7).
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Figure 4: Molecular profiles of the plastisphere on the surface of PE MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the PE
incubated for 30 days with the inset representing the region of interest selected for imaging {2-4} False coloured
Raman images of the collapsed stack indicating the spatial and differential intensity distribution of the respective
demixed spectral components {5} Combined image inclusive of all demixed spectral components {6} Mean spectrum
of the respective demixed spectral components compared with the pristine or reference PE spectrum (Ref, FW 1-FW
3) (B.) SW incubation {1} Bright field microscopic image of the surface of the PE incubated in for 30 days with the
inset representing the region of interest selected for Raman imaging {2-3} False coloured Raman images of the
collapsed stack indicating the spatial and differential intensity distribution of the respective demixed spectral
components {4} Combined image inclusive of all demixed spectral components {5} Mean spectrum of the tespective
demixed spectral components compared with the pristine PE spectrum (Ref, SW 1-8W 2) The spectral components
represent the respective mean spectrum calculated from n=25,000 spectra constituting the Raman images analysed via
TCA coupled with spectral demixing. The Raman image visualized here is from the surface of a single PE MPs sample
(FW n=1 and SW n=1)
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A comparison of the plastisphere molecular profiles of specific MPs type in correlation with the incubation
media alone also reveals distinct differences. For example, the molecular profiles of the plastisphere of PS
incubated in FW is composed of proteins, polysaccharides, lipids, cytochrome and carotenoid signatures.
In contrast, the plastisphere profile of the SW incubated PS counterpart is composed of nucleic acids, lipids,
polysaccharides and carotenoids respectively. These results may indicate that the plastisphere in the FW
incubated PS is more diverse in comparison to their SW counterpart and may contain a relatively higher
concentration of proteins (Fig.2A-2B). Similarly, PP plastisphere profiles revealed the presence of proteins,
nucleic acids, polysaccharides and carotenoids signatures in comparison to its SW counterpart, wherein the
nucleic acid signatures were not detected (Fig.3A-3B). Surprisingly, the plastisphere profile of PE incubated
in FW indicates the presence of signatures corresponding to nucleic acids, proteins, lipids and carotenoids
in comparison to its SW counterpart wherein the molecular profile was devoid of any microbial growth or
EPS indicator signatures (Fig. 4A -Fig. 4B). The molecular profiles of the plastisphere on the surfaces of
PVC, SAN, POM, ABS and PU MPs incubated in FW also followed this pattern of results wherein their

plastisphere was more diverse and more enriched in comparison to their SW counterparts (Fig. $4-89).
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Figure 5: Molecular profiles of the plastisphere on the surface of PET MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) TW incubation {1} Bright field microscopic image of the surface of the
PET incubated for 30 days with the inset representing the region of interest selected for imaging {2-5} False coloured
Raman images of the collapsed stack indicating the spatial and differential intensity distribution of the respective
demixed spectral components {6} Combined image inclusive of all demixed spectral components {7} Mean spectrum
of the respective demixed spectral components compared with the pristine or reference PET spectrum (Ref, FW 1-
FW 4) (B.) SW incubation {1} Bright field microscopic image of the surface of the PET incubated for 30 days with
the inset representing the region of interest selected for Raman imaging {2-6} False coloured Raman images of the
collapsed stack indicating the spatial and differential intensity distribution of the respective demixed spectral
components {7} Combined image inclusive of all demixed spectral components {8} Mean spectrum of the respective
demixed spectral components compared with the pristine PET spectrum (Ref, SW 1-SW 5) The spectral components
represent the respective mean spectrum calculated from n=25,000 spectra constituting the Raman images analysed via
TCA coupled with spectral demixing. The Raman image visualized here is from the surface of a single PET MPs
sample (FW n=1 and SW n=1)
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There was also another pattern of results wherein the SW incubated MPs plastisphere were more diverse
and enriched in comparison to their FW counterparts. For example, PET plastisphere of SW incubation
was composed of polysaccharides, nucleic acids, proteins, lipids and higher carotenoid diversity in
comparison to its FW counterpart, which lacked protein signatures indicating that the SW PET plastsphere
was more diverse (Fig. 5A-5B). Furthermore, PA also showed similar pattern of results, wherein the SW
incubated plastisphere showed higher diversity in carotenoids along with the presence of proteins,
polysaccharides and lipids signatures in comparison to its FW counterpart, which showed no diversity with
respect to carotenoids and further lacked lipid signatures (Fig. 6A-6B). The molecular profiles of the
plastisphere on the surface of PC MPs interestingly also showed the presence of nucleic acids and protein
signatures in the SW incubation environment alone indicating a higher diversity in biomolecular content in
comparison to its FW counterpart (Fig. 89A-9B). Although, there were these distinct pattern of results,

there was no MPs polymer-specific plastisphere fingerprint detected.
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Figure 6: Molecular profiles of the plastisphere on the surface of PA MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) F'W incubation {1} Bright field microscopic image of the surface of the PA
incubated for 30 days with the inset representing the region of interest selected for imaging {2-4} False coloured
Raman images of the collapsed stack indicating the spatial and differential intensity distribution of the respective
demixed spectral components {5} Combined image inclusive of all demixed spectral components {6} Mean spectrum
of the respective demixed spectral components compared with the pristine or reference PA spectrum (Ref, FW 1-FW
3) (B.) SW incubation {1} Bright field microscopic image of the surface of the PA incubated for 30 days with the inset
representing the region of interest selected for Raman imaging {2-7}. False coloured Raman images of the collapsed
stack indicating the differential intensity distribution of the respective demixed spectral components {8} Combined
image inclusive of all demixed spectral components {9} Mean spectrum of the respective demixed spectral
components compared with the pristine PA spectrum (Ref, SW 1-SW 6) The spectral components represent the
respective mean spectrum calculated from n=25,000 spectra constituting the Raman images analysed via TCA coupled
with spectral demixing. The Raman image visualized here is from the surface of a single PA MPs sample (FW n=1
and SW n=1)

Furthermore, in comparison to MPs mentioned above wherein several spcctral components representing

unique plastisphere signatures were observed, the molecular profiles acquired from the glass pellet surface
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incubated in both FW and SW indicate the presence of only two unique spectral components wherein the
Raman bands can be correlated to the presence of molecules like proteins, polysaccharides, lipids and
nucleic acids. In both the incubation environments, there were no prominent cell clusters observed on the
glass pellet surfaces, which indicated that these molecular signatures may be representative of the presence
of a conditioning film or an eco-corona (Fig 7) but no biofilm growth. This finding is in great agreement

with the observations of the SEM images.
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Figure 7: Molecular profiles of the plastisphere on the surface of glass pellets incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the
glass pellet incubated for 30 days with the inset representing the region of interest selected for imaging {2-4} False
coloured Raman images of the collapsed stack (Z=20 pm) indicating the spatial and differental intensity distribution
of the respective demixed spectral components {5} Combined image inclusive of all demixed spectral components
{6} Mean spectrum of the respective demixed spectral components compared with the pristine or reference glass
pellet spectrum (Ref, FW1-FW3) (B.) SW incubation {1} Bright field microscopic image of the surface of the glass
pellet incubated for 30 days with the inset representing the region of interest selected for Raman imaging {2-4}. False
coloured Raman images of the collapsed stack (£=20 um) indicating the spatial and differential intensity distribution
of the respective demixed spectral components {5} Combined image inclusive of all demixed spectral components
{6} Mean spectrum of the respective demixed spectral components compared with the pristine glass pellet spectrum
(Ref, SW1-SW3). The spectral components represent the respective mean spectrum calculated from n=25,000 spectra
constituting the Raman image analysed via TCA coupled with spectral demixing. The Raman image visualized here is
from the surface of a single glass pellet sample (FW n=1 and SW n=1)

Plastisphere based seneration of Raman spectral varianis of MPs

The above-described molecular profiles of the plastisphere investigated in this study consisted of unique
signatures that were corresponding to the underlying polymer surface, The visibility of these underlying
polymer signatures, in parallel with the plastisphere molecular signatures, was in principle dependent on the
thickness of the biological material, i.e. if the plastisphere is not dense then the underlying MPs surface
molecular signature is also visible along with the plastisphere molecular signature in the spectral
components. This phenomenon leads to several bands of the plastisphere spectrum to be also used as
spectral variants of specific MPs, which can be representatives of the spectral data of environmental MPs.
It is well known that the spectral data of environmental MPs, in most cases, do not establish an accurate

spectral match to its pristine counterpart (Munno et al., 2020).
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Hence, we provide this Raman spectral data together with the meta data on the plastisphere with an R
package, labelled as “RaMPP”. We further include a shiny app in this package to provide a simple tool for
visualizing and comparing those spectra with each other, as well as with a user’s spectral data. The data, as
well as the app, included in this package, will complement the known spectrum of pristine MPs with
additional information constituting plastisphere signatures and visualize as to how the spectrum of the
plastisphere infested MPs may change in comparison to its pristine counterpart, Below, we briefly describe
the functionality and usage of the app. To install the package, two lines of code have to be executed in
RStudio: reguire(shiny) and runGitHub ("Shiny-MP-spectra”, "Matki-science’"). The app will automatically start,

and the user interface is presented (Fig. 8).

hiny Raman-MP Spectra

Show Varania | Compara o Spectta  Compare with own Specirum

Select polymer type: @ Frosh water samples (FW)

# Sea water samples (SW) V
Number of variants (1 = pristing]

| E . B -
B Eas na. R R Rh
H - 10 ¢ Separate spectia E
Vartast e | InCUBIUGN WhMY — BHEREIY — PWIZ — |2 — Pmi3 — SWp3
21, carotnos
W s B0 G0 W le0 G0 W0l He0 200 aa0 W M0 a0 w00 mw e dem
Wavenumber em '

Figure 8: User interface of the “RaMPPapp” representing plastisphere based MPs Raman spectral variants.
There are three possible ways to access the spectral library, which are separated by three tabs at the top of the interface
(1). Below the three tabs the corresponding input panel is located. Here, the MPs type can be selected (2) and the
number of plastisphere MPs variants can be chosen (3), while 1 always represents the pristine MPs. On the right side
of the input panel, it can be chosen, whether to show variants of FW or SW incubated particles or both (4).
Additionally, there is the option to separate the spectrum along the y-axis for a better overview over many spectra,
like shown in this figure (5). Further below, Raman spectra will be shown in the selected configuration with the Raman
intensity as an arbitrary unit on the y-axis and the wavenumber on the x-axis (6). The legend at the top of the graph
informs the user about the colour code. Wavenumber range below 400 cm! are not shown, as there is no meaningful
information in this part of the spectrum. The colours indicate the different spectra. Additionally, meta data can be
accessed/provided, when moving the cursor over the graph (7). A vertical line will appear indicating the currently
selected wavenumber position. When meta data for a certain wavenumber is available, the wavenumber and additonal
information are shown at the top of the vertical line, providing information about the substance class, that can be
found at this specific wavenumber. When moving the courser towards the corner of the graph, the vertical line will
disappear again. See the main text for further information.

PET polysihylenstersphithalats -

€

Raman-Intensity

There are three possible ways to access the spectral library, which are separated by three tabs at the top of
the interface: show the variants, compare two spectral variants and compare a spectrum with a user’s own
spectrum, The interface should be widely self-explanatory and similar for all three ways. Herein we will just

explain the interface for the first and most complex way (Fig. 8). The first option provides the opportunity
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to visualize the pristine spectrum and compare it to all corresponding spectral variants available in the
library. It is important to note that the number of variants for all MPs types are not equal. Therefore, if the
number selected, exceeds the number of available variants there will not be any changes in the
corresponding window. When two spectra should be compared in more detail, the second tab of the user
interface can used. This option provides almost the same functionality as before. In the third tab, the user
can provide their own MPs Raman spectrum, to compate with another selected spectrum in the library.
The data can be simply provided by copying and pasting an excel-file column (without headet) into the text
field. We expect the user to use " as decimal sign. If the spectral resolution of the users’ spectrum is higher
or lower compared to the resolution of the spectral data in the library, the spectrum will be fitted
accordingly. The data of the Raman spectra and the meta data information can be accessed by calling the

separate functions for using the data in other contexts.

4. Discussion

Freshwater (FW) vs Artificial Seawater (SW) based plastisphere

The SEM investigations reveal that the plastisphere is generally comprised of a heterogeneous distribution
of microbial communities on the surfaces of MPs. We detected similar motphological structures as
described in (Ramsperger et al., 2020), such as patches of filaments, chain of randomly distributed rod,
diatom, rhombic cube and spherically shaped morphological types. However, here the structures were
frequently embedded in a thick mesh like structure representing the EPS matrix (Fig. 1), which was not the
case in Ramsperger et al. (2020). One potential reason could be the differences in particle size (Chen et al.,
2020) and incubation technique, as well as the exposure time (here: 30 days, Ramsperger et al. consecutive

time series until 14 days of exposure).

However, the plastisphere heterogeneity and density or richness was consistently higher in the MPs
incubated in the I'W incubation, projecting the presence of a relatively higher microbial biomass in
comparison to the SW incubated MPs. This may be due to the eutrophic nature of the FW utilized in this
study, which correlates to a higher abundance of microbial communities and hence providing a more
abundant sink of microbes for the formation of plastisphere. In comparison, SW collected from a marine
aquarium due to its stable and oligotrophic nature provided a relatively less abundant sink of microbes to
facilitate plastisphere formation in the 30-day incubation period. Interestingly, the SEM investigations also
clearly show that the microbial communities prefer to use the MPs surface as a growth substrate in
comparison to the glass pellet surface in both FW and SW incubations. This is not surprising as previously
mentioned; factors such as the material chemistry, surface roughness, hydrophobicity and surface free
energy will dictate such a preference of substrate by microbes. For example; porous, uneven, edgy and
rough surfaces of the MPs in comparison to the smooth glass surface may be one amongst the many factors
that influence preferential colonization (Fig. 81). Furthermore, the chemical composition of the MPs for

example; the presence of specific functional groups such as the carbonyl groups in PA, isocyanate groups
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in PU, methyl groups in PP and PET, aromatic rings in PS, SAN, ABS and chlorine groups in PVC may
influence chemotactic selective colonization of specific microbial species, which could utilize them as a
carbon and energy source (Xie et al., 2021). The presence of functional groups is probably also contributing

to the microorganisms colonizing MPs surfaces preferentially, instead of the glass pellet surface.

In corroboration to the SEM investigations, molecular profiling via micro-Raman spectroscopy also
predominantly indicates a higher microbial diversity and biomolecular content in the plastisphere,
corresponding to the MPs incubated in FW in comparison to its SW counterparts. This can be deduced
based on the heterogencity in the relative concentration and distribution of the most common biomolecular
signatures representing the plastisphere such as the proteins, extracellular nucleic acids, polysaccharides and
lipids in combination with the carotenoid secondary metabolite signatures (Ivleva et al., 2017; Kusi¢ et al.,
2015). However, we could not detect MPs polymer-specific plastisphere fingerprints. It was seen that the
plastisphere signatures are predominantly constituted of the biomolecules mentioned above irrespective of
the polymer types of MPs but only the relative abundances of these molecules change in the respective
plastispheres. There were no exclusive signatures in the plastisphere that could be linked to a specific MPs

polymer type alone.

Carotenoid signatures as an indicator of microbial diversity in the plastisphere

Amongst the biomolecules constituting the plastisphere, the carotenoid signatures in specific can be utilized
to highlight the microbial diversity within the plastisphere, These molecules are chromophoric, lipid soluble
isoprenoid compounds that comprise a unique central polyene chain comprised of a conjugated double
bond system that is responsible for the coloration of a multitude of organisms in the ecosystem (Kumar B.
N. et al,, 2015; Withnall et al., 2003). Carotenoids are taxonomically diverse. Currently, there are 1029
different types of carotenoids, which are known to be synthesized by bacteria (324 types assigned), archaea
(25 types assigned) and eukaryotic (680 types assigned) organisms. Amongst this classification there are 13
unique carotenoids synthesized by archaea, 262 by bacteria and 621 by the eukaryotes which makes them
an ideal marker for the characterization of microorganisms (Fernandes et al., 2018; Yabuzaki, 2017). Raman
spectroscopy can be used to detect and differentate the different types of carotenoids in complicated
matrices such as the biofilm based on the position of two characteristic signatures, which occurs in the
(1100-1200 cm") and (1400-1600 cm ') wavenumber region. The former region corresponds to the v1(C-C)
stretching mode and the latter to the v2(C=C) stretching mode representing the polyene chain structure of
the carotenoid molecule. The presence of different types of carotenoids in complex matrices can be
monitored based on the position of the v2(C=C-1400-1600 em ') stretching mode signature as this band
position is directly related and sensitive to the length of the polyene chain in the carotenoids (Kumar B. N.
etal., 2015). As the length of the polyene chain in a carotenoid molecule increases the position of this band
moves to lower wavenumbers and wice rersa due to electron-phonon coupling (Jehlicka and Oren, 2013;
Withnall et al., 2003). The major carotenoid or the carotenoid having the highest concentration in a

patticular focal volume will be detected via the resonance Raman effect. Several studies have utilized this
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effect for the characterization of microorganisms based on carotenoid signatures such as in soil bacteria,

halophilic bacteria, cyanobacteria etc., (Jehlicka and Oren, 2013; Kumar B. N. et al,, 2015).

This phenomenon can be used to detect the presence of different carotenoids within the plastisphere, which
then directly relates to the presence of different microbial communities. The variation in the position of
the v2(C=C) Raman band within the spectral components representing the plastisphere highlights the
presence of microbial diversity within single type of MPs and between MPs (Figure. 9). Among the MPs
incubated in FWj the plastisphere of PS, PET, PU, POM and PC had a higher variation in carotenoid
signatures in comparison to the other MPs. In contrast, the MPs incubated in SW; the plastisphere of PA
and PU had a higher variation in carotenoid signatures in comparison to the other MPs. Interestingly, the
plastisphere of PVC, SAN and PE MPs incubated in SW incubations did not show the presence of
carotenoids, Overall, based on the variation of molecular signatures of carotenoids it can be clearly
established that the microbial diversity of the plastisphere in FW incubated MPs could be higher than that

compared to the SW incubated MPs,

A B.
1535,
_ W . W
=3 =}
= S~ 1530
6°E 1y 1528, 528 % 'E T B2
al 1527 1526 T = 48]
E ; 15251523 = Paosition 1 s E
2E 1521 * Posilion 2 2 £ 520 1520 = Position 1
1520, e
é g 15201 1520 1520 4 Posilion 3 E 1 1517] 4548 * Position 2
a n 1515 Positi
€2 515 1515 5801515 1S Listed  |oss E g 1515 s 4 Position 3
2 £ 13]1513 1512 T8 yaolsn st 1510,
g E 1510, ] 1508
2 15104 g% e
% 8 508 1508 (=]
5o "5 15051504  |1504) -
Og ses|  fiseg 1o, 8 2
e 1504 L B 1499
g 1500 ‘5"“' <
T T T T T 1 1495 T T T T T T T T T 1
PS PET PA PP PE PVC SANPOMABS PU PC PS PET PA PP PE PVC SANPOMABS PU PC
MPs types incubated in Freshwater (MPs/FW) MPs types incubated in Seawater (MPs/SW)

Figure 9: Positional variation of the Raman band corresponding to the v(C=C) stretching vibrational mode
of carotenoids in the plastisphere; (A.) Carotenoid signatures corresponding to the plastisphere of the FW
incubations (B.) Carotenoid signatures corresponding to the plastisphere of the SW incubations. Position 1-3 indicate
the position of the vz (C=C) Raman band deduced from the respective spectral components representing the
corresponding MPs plastisphere.

Carotenoiddb.jp database currently has a well-established list of microorganisms that synthesize carotenoids

under the three domains of life (http://carotenoiddb.jp., (Fernandes et al., 2018; Yabuzaki, 2017)). Previous

Raman studies have correlated the positions of v2 (C=C) Raman band observed in our study (Figure. 9) to
carotenoids like lycopene, sarcinaxanthin, bacterioruberin, astaxanthin, lutein, spirilloxanthin, torularhodin,
neurospotraxanthin, zeaxanthin, deinoxanthin and canthaxanthin respectively wherein the polyene chain in
these carotenoids are constituted of 9 to 13 conjugated double bonds (Jehlicka and Oren, 2013; Kumar B.
N. et al., 2015; Pankin et al., 2021; Tao et al., 2011; Withnall et al., 2003). Some of the microbial sources
linked to the production of these carotenoids are for example; Saccharomyces cerevisiae (astaxanthin), Chlorella
sofingiensis (B-carotene), Rhbodotorula glntinis (torularhodin), Aspergillns carbonarins (canthaxanthin), Secenedesnins
bijugns (lutein), Dunaliclla salina (lycopene), Micrococens lutens (sarcinaxanthin), Koeuria rosea (bacterioruberin),

Oscillatoria limmetica (zeaxanthin), Rbedospirillm rabrans (spirilloxanthin), Deinococcus radiodurans (deinoxanthin)
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and Fusarium fujikaroi (neurosporaxanthin) etc. (Jehlicka and Oren, 2013; Kot et al., 2018; Kumar B. N. et
al., 2015; Parra-Rivero et al, 2020). From this comparison, it may be deduced that the FW and SW
plastisphere of the MPs investigated in our study may be composed of a heterogeneous distribution of such
microbial communities. The drawback of tesonance Raman technique is that the carotenoids having a
similar structure such as the same number of conjugated double bonds in the polyene chain cannot be
differentiated (Jehlicka and Otren, 2013). Hence, due to this inherent limited molecular resolution it is not
possible to identify if different carotenoids are contributing to the plastisphere in MPs in FW in compatison
to the SW incubations. Gold standards such as UV-visible absorption and high performance liquid
chromatography (HPLC) technique needs to be used with the combination of molecular sequencing
approaches to establish such differences and the precise profiling of plastisphere associated carotenoid

producing microorganisms (Jehlicka and Oren, 2013; Weig et al., 2021; Zhang et al., 2022).

Influence of density, size and shape of the MPs towards plastisphere growth

Our investigations indicate that the proportion of plastisphere growth on MPs seemed to be influenced by
factors such as the polymer type, density, size and surface topography of the MPs. For example, all MPs
used in this study except for PE, PP and ABS had densities higher than the FW and SW and sink to the
bottom in the microcosm. Hence the immobile bottom dwelling MPs, which are not affected by the
hydrodynamic shear forces resulting from the aeration provided in the microcosm are likely to support the
formation of a thicker plastisphere or a higher microbial abundance, for example as seen in the FW
incubated PET and PA MPs in comparison to the positively bouyant MPs like PE and PP (Fig. 1).
However, the factor of surface topography of the MPs may outrank the density factor. For example, glass
pellets have a density of ~1.6 g/cm- but also have a smooth surface topography, which may be a key factor
in addition to their surface chemistry difference compared to that of MPs, that may not allow the formation
of abundant microbial growth on their surfaces in the 30-day incubation timeline corroborated by the SEM
and Raman spectroscopic analysis (Fig. 1, Fig. 2). Similarly, all the FW incubated MPs, which were
spherical in shape (POM, ABS, PE and PP) except for PA harboured plastisphere that were relatively less
thick than the box or square shaped MPs, which may be due to a lower surface area, surface topography
and influence of hydrodynamic shear forces as the main influencing factors. (Fig. 1, Fig. 81). Furthermore,
the largest MPs used in our study were PS, PET, PVC and PU respectively (Fig. $1). Interestingly, Raman
spectral components representative of a pure plastisphere ie. spectrum devoid of any underlying MP
signature was found only in these 4 MPs polymer types incubated in FW indicating that the plastisphere on
these MPs surface was thicker in relation to the other MPs (Fig. 3A, Fig. 5A, Fig. S5A and Fig. S5A).
Raman z-stack based 3D reconstructed visualization of the spatial distribution of the plastisphere specific
components in these MPs vs the MP specific spectral component (Fig. 10) indicates that the FW incubated
PET MPs and PU MPs harboured the thickest plastisphere in comparison to PVC and PS MPs. This could
possibly be due to the larger surface area to volume ratio as mentioned previously of both PET and PU

MPs in addition to the presence of significant crevices or pits on their surfaces (Fig. 81), which probably
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is also facilitating a favourable adherence or attachment of the microorganisms onto these surfaces. These
results demonstrate that the plastisphere formation and thickness is highly likely to be influenced by particle
characteristics such as the polymer type, density, shape and surface structure of the MPs. These factors are
only a few amongst many other factors as previously mentioned, such as the local environment conditions
and physicochemical properties like temperature, salinity, pH, dissolved organic carbon, surface chemistry,
surface charge, elastic modulus, stetic forces, etc. and finally the inherent physiologies of the colonizing
microorganisms itself that shape the formation and development of the plastisphere (Liao et al., 2015; Paerl,

1975; Rummel et al., 2021).
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Figure 10: Spatial distribution of the plastisphere in relation to the surface of the respective MPs visualized
via micro-Raman z-stack imaging, (xy-surface) Collapsed stack indicating the distribution of the plastisphere on
the surface of the respective MPs with the spectral component specific to plastisphere colour coded in red and blue
depending on the number of unique plastisphere spectral components identified, spectral component corresponding
to the MPs is coded in green and the visualization of the components together via the combined image (scale bar
translates to 10 um), (z-stack) spatial distribution of the plastisphere versus the MPs surface in the z-direction (scale
bar translates to 20 pm), changes in the colour intensity is dependent on the relative intensity changes in the Raman
bands corresponding to the respective spectral components. (A) Plastisphere spatial distribution in relation to the
PVC MPs surface, (B) Plastisphere spatial distribution in relation to the PET MPs surface, (C) Plastisphere spatial
distribution in relation to the PU MPs surface, (D) Plastisphere spatial distribution in relation to the PS MPs surface.

Sionificance of the plastisphere based Raman spectral variants of MPs

As mentioned previously, Raman spectral data of environmental MPs can be drastically altered in
comparison to its pristine reference counterpart (Munno et al., 2020). Environmental MPs predominantly
have organic and inorganic contaminants that also includes microbial biomass adsorbed to their surfaces,
which are one of the factors responsible for the changes in the MPs Raman spectrum. Our results from the
plastisphere based Raman spectral variants specifically highlights the changes due to the accumulation of
microbial biomass. As most studies use customized and commercially available spectral libraries for the
identification and characterization of environmental MPs, wherein the efficiency ot spectral data matches
are directly dependent on the comprehensiveness of the libraries utilized. Hence, if the Raman MPs
databases in such libraries lack spectral data, which are not relevant to the environmental MPs, it can result
in a gross underestimation of MPs levels in samples due to misclassification or the inability to find an
appropriate spectral match with reference data (Munno et al., 2020). Furthermore, there are also possibilities

that the Raman bands from the plastisphere are incorrectly assumed to be originating from additives or
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pigments inherent with the synthetic polymer constituting MPs instead of it being associated with the
microbial biofilms. Thereby, it is critical to establish spectral libraries of MPs taking microbial influences
into consideration, which can help to improve the efficiency of Raman spectroscopic characterization of
environmental MPs. We have taken a first step in this direction by providing the biofilm infested MPs
Raman spectral library RaMPP, constituting data acquired from 11 different (PMMA MPs were not
subjected to Raman spectroscopic investigations due to the strong fluorescence signal from the dye inherent
in these particles) synthetic polymer types by means of an “R” package and an app for the interactive
visualization and comparison of our data. Utilization of this library may aid in the direct and pre-treatment
free detection of large MPs in the size range of the particles like the ones used in our study, which has the
potential to be a critical improvement in the Raman spectroscopic analysis of environmental MPs.
Furthermore, it can also be highly advantageous when the goal is to achieve a rapid /» sit# characterization
of environmental MPs via Raman spectroscopy utilizing a portable Raman spectrometer, an emerging
application in the context of qualitative 7z 5% and on-site analysis of MPs and macroplastics (Becucci et al.,

2022).

5. Conclusion

To the best of our knowledge, our investigations performed with a combination of non-invasive label free
Raman spectroscopy analysis and SEM reveals, for the first time, the molecular and morphological
composition of the plastisphere on several types of MPs incubated in a simulated aquatic environment
microcosm for a period of 30 days. SEM investigations clearly visualize the heterogeneity in
microorganismal structures representing different microbial communities constituting the plastisphere.
The Raman spectroscopic spatio-chemical analysis enabled the detection of the signatures of key molecular
components constituting the plastisphere along with their spatial distribution. Overall, the SEM and
Raman investigations allowed us to deduce that MPs surface are preferendally colonized by
microorganisms in comparison to the glass surface, and there is a relatively higher microbial biomass and
diversity in the FW incubated MPs plastisphere in comparison to the SW incubated MPs. There were no
MPs specific plastisphere fingerprints detected, but the presence of signatures like carotenoids in the
molecular profiles could be specifically utilized to highlight the microbial diversity in the plastisphere on
specific MPs types. We could also deduce from our results that the shape, surface area and surface
topography of the MPs seem to play an important role in the development of the plastisphere.
Furthermore, the plastisphere based Raman MPs spectral variant data may be utilized for the improved
detection of environmental MPs and also on-site characterizaton of environmental MPs and
macroplastics. Future work is required where in the MPs sample size and also the type of MPs should be
increased to include weathered particles produced as a result of UV irradiation, physical stress etc. And
more heterogeneity with regards to the physicochemical conditions in the simulated environments could

be included. In order to establish a wider array of plastisphere profiles and the simultaneous generation of
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higher number of Raman MPs spectral variants. Such an extension of the Raman spectral library of MPs
can help to achieve improved detection and characterization of environment MPs. Furthermore, it can be
anticipated that the acquisition of the plastisphere profiles from an increased sample size specific to a MPs

type may increase the chances of the identification of polymer specific plastisphere fingerprints.
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Figure S1: Glass and MPs pellets incubated in freshwater (FW) and seawater (SW); Glass, Polystyrene (PS),
Styrene Acrylonitrile (SAN), Polyamide (PA), Polyoxymethylene (POM), Acrylonitrile Butadiene Styrene (ABS),
Polyethylene (PE), Polypropylene (PP), Polyurethane (PU), Polyethyleneterepthalate (PET), Polycarbonate (PC),
Polyvinylchloride (PVC) and Polymethylenemethacrylate (PMMA).
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Figure 82: Microcosm setup consisting of MPs incubated in freshwater (FW) and seawater (§W); The front
row represents the samples incubated in SW environment and the row behind facing the stainless steel casings
represent the samples incubated in FW environment respectively.
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Figure 83: Concavity slides used for micro-Raman spectroscopic measurements; the two images presented
hete visualize the glass pellet sample and PE MPs samples placed in a drop of tap watet. This arrangement was used
for the Raman measurements.
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Table S1: Sources of microplastics and glass pellets
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Microplastics Polymer type Source
1. Polyamide (PA) Ultramid B27E MKNR.
96589
2. Polyethylene (PE) Lupolen 6031M natur,
Art.Nr. 147678
3. Polyethyleneterepthalate Typ M Trevira
(PET)
4. Polycarbonate (PC) Pro-Plast, PANLITE L.
1250, glasklar, Art.nr.
143055
5. Acrylonitrile Butadiene Pro-Plast, Novodur
Styrene (ABS) P2MC, natur, Art.nr.
165444
6. Styrene Acrylonitrile (SAN) =~ Pro-Plast, Luran 368 R,
glasklar, Artnr. 168175
T Polystyrene (PS) Pro-Plast, BASF PS
158k, glasklar 00013,
Art.nr. 148786
8. Polyvinylchloride (PVC) TRO/LIT VB 537-HE
9; Polyurethane (PU) Pro-Plast, Desmopan
385K, natur, Art.nr.
165295
10. Polyoxymethylene (POM) Pro-Plast, Dettin 500,
natur, NC0O10, Art.nr.
166654
11. Polypropylene Pro-Plast, PP-Home,
(PP) Moplen HP 570 M,
Artnr. 148812
12. Polymethylenemethacrylate UV-Leuchtgranulat,
 (PMMA)  ArtarM 133344
13. Giass pellets Supelco. Merck KGaA
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Table S2: Assignments of the Raman molecular signatures corresponding to the plastisphere (v) denotes
stretching vibrational mode, (8) denotes bending, rocking and wagging vibrational modes (T) denotes twisting

vibrational mode (s) symmetric stretching (as) asymmetric stretching

Plastisphere Molecular Piastisphere fingerprint Raman Band Functional
Profiling molecules Positions/cnr! Groups/Bond
Vibration
1. ~560, 891, 1094, 1203, | Glycosidic link §(C-O-
Polysaccharides 1280-1288, 1355-1380 C), v(C-C), glycosidic
link 8(C-O-C),
saccharide band, §(C-
| Hy), 6(C-H)
2 ~520, 531, 0643, 665, v(8-8)in cysteine, T(C-C)
670, 677, 691, 696, 741, in tyrosine, v(C-§) in
Proteins 746, 747, 833, 871, 876, cysteine, ring breathing
1004, 1203, 1540, 1564, | of tryptophan, tyrosine,
15806, 1661, 1668, 1670, w(C-C) of tryptophan
2924 and 2925 cm'l and \i(C—C) Qf
hydroxyproline, v(C-C)
tryptophan and tyrosine,
ring breathing of
phenylalanine, Amide
ITI- due to v(C-N) and
S(N-H), Amide 11 due to
v(C-N) and 6(N-H),
Amide 1 due to
w(C=0), v(C-Hs), v(C-
H;) and v(C-H)
3. Nucleic acids ~693, 713, 754, 908, | Ring breathing modes in |
(DNA/RNA) 952, 961, 962, 980, 1094 the DNA bases
and 1570 em! (Guanine), (C-N)
nucleotide band,
DNA/RNA ring
breathing modes, Ribose
vibration (RNA), v(PO4
03 v(PO7)
vibration of the DNA
backbone, ring breathing
modes in the DNA
bases
G, A
4, ~592, 1302, 1320, 1325, Phosphatidylinositol,
1334, 1339, 1420, 1426, §(C-Hy), T(C-H3)/(C-
Lipids 1437, 1444, 1452, 1724, Ha), §(C-H3), 6(C-Hs, C-
728, 1775, 1787, 1793, Ha), w(C=0), v,(C-H3),
2835, 2853, 2866, 2958, w(C-Hs), vas(C-Hz) v,(C-
2966, 2971, 2995 and H3), v,(C-H), v(=C-H)
3097 cm'!
5. Carotenoids ~1150-1160 cm! v(C-C) and w(C=C)
and 1499-1528 cm!
6. Water ~3200-3500 cm! w(O-H)
T Cytochrome ¢ ~1123, 1129 and 1596 v(QfCHg}, W(C.C), v
cm! (C.CH), v(C.Cy) of
pyrrole half ring

313




32
33

35

Published articles and manuscripts

Table S: Assignments of the marker Raman bands corresponding to the polymer constituting the MPs; (v)
denotes stretching vibrational mode, (8) denotes bending, rocking and wagging vibrational modes (T) denotes twisting
vibrational mode (s} symmetric stretching (as) asymmetric stretching
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Pristine Polymer Profiles Polymer type Raman Band Functional
Positions/cnr! Groups/Bond
Vibration
1. Polyamide (PA) ~1632, 3296 cm™! v(C=N), v(N-H)
2, Polyethylene (PE) ~2842, 2877 cm! v(C-Hz), vs(C-H), v(=C-
sharp doublet profile H)
3. Polyethyleneterepthalate ~1608, 1719 ¢cm! v(Ring breathing),
(PET) WC=0)
4, Polycarbonate (PC) | ~884,1109,3073 cm” | w(C-O-C), (C-H) ring,
w(C=0)
5. Acg/loﬂttrj]c Butadiene ~1003, 1606, 1666, V(ng breathi np:),
Styrene (ABS) 2236 cm'! v(Ring skeletal stretch)
v(C=C), v(C=EN)
6. Styrene Acrylonitrile ~1003, 1606, 2236 v(Ring breathing),
(SAN) cm! v(Ring skeletal stretch)
w(CEN)
7. Polystyrene (PS) ~1003, 1606 v(Ring breathing),
cmy! v(Ring skeletal stretch)
8. Polyvinylchloride (PVC) ~637, 694 cm! v(C-S) aliphatic
9. Polyurethane (PU) ~1181, 1247, 1309 V(C-0-C), v(C-N), §(C- :
triplet, 1613 cm! H)
10. Polyoxymethylene ~916 cm™! v(C-0-C)/ §(0-C-0)
11. Polypropylene ~802, 834, 2834, 2879, 8(C-H), §(C-H3),
(PP) 2954 cm'! vas(C-Hz), v:(C-Hs),

vas(C-Hs)
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Figure S4: Molecular profiles of the plastisphere on the surface of SAN MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the
SAN incubated for 30 days with the inset representing the region of interest selected for imaging {2-6} False coloured
Raman images indicating the spatial and differential intensity distribution of the respective demixed spectral
components {7} Combined image inclusive of all demixed spectral components {8} Mean spectrum of the respective
demixed spectral components compared with the pristine or reference SAN spectrum (Ref, FW 1-FW 5) (B.) SW
incubation {1} Bright field microscopic image of the surface of SAN incubated for 30 days with the inset representing
the region of interest selected for Raman imaging {2-3} False coloured Raman images indicating the spatial and
differential intensity distribution of the respective demixed spectral components {4} Combined image inclusive of all
demixed spectral components {5} Mean spectrum of the respective demixed spectral components compared with the
pristine SAN spectrum (Ref, SW 1-SW 2) The spectral components represent the respective mean spectrum calculated
from n=25,000 spectra constituting the Raman images analysed via TCA coupled with spectral demixing. The Raman
image has been acquired from the surface of a single SAN MPs sample (FW n=1 and SW n=1).
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Figure S5: Molecular profiles of the plastisphere on the surface of PVC MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubatdon {1} Bright field microscopic image of the surface of PVC
incubated for 30 days with the inset representing the region of interest selected for imaging {2-5} False coloured
Raman images indicating the spatial and differential intensity distribution of the respective demixed spectral
components {6} Combined image inclusive of all demixed spectral components {7} Mean spectrum of the respective
demixed spectral components compared with the pristine or reference PVC spectrum (Ref, FW 1-FW 5) (B.) SW
incubation {1} Bright ficld microscopic image of the surface of PVC incubated for 30 days with the inset representing
the region of interest selected for Raman imaging {2-5} False coloured Raman images indicating the spatal and
differential intensity distribution of the respective demixed spectral components {6} Combined image inclusive of all
demixed spectral components {5} Mean spectrum of the respective demixed spectral components compared with the
pristine PVC spectrum (Ref, SW 1-SW 4) The spectral components represent the respective mean spectrum calculated
from n=25,000 spectra constituting the Raman images analysed via TCA coupled with spectral demixing. The Raman
image has been acquired from the surface of a single PVC MPs sample (FW n=1 and SW n=1).
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Figure 86: Molccular profiles of the plastisphere on the surface of PU MPs incubated in FW and SW as
revealed by micto-Raman imaging (A.) FW incubation {1} Bright ficld mictoscopic image of the sutface of the
PU incubated for 30 days with the inset representing the region of interest selected for imaging {2-7} False coloured
Raman images indicating the spatial and differential intensity distribution of the respective demixed spectral
components {8} Combined image inclusive of all demixed spectral components {9} Mean spectrum of the respective
demixed spectral components compared with the pristine or reference PU spectrum (Ref, FW 1-FW6) (B.) SW
incubation {1} Bright field microscopic image of the surface of PU incubated for 30 days with the inset representing
the region of interest selected for Raman imaging {2-7} False coloured Raman images indicating the spatial and
differential intensity distribution of the respective demixed spectral components {8} Combined image inclusive of all
demixed spectral components {9} Mean spectrum of the respective demixed spectral components compared with the
pristine PU spectrum (Ref, SW 1-SW 6) The spectral components represent the respective mean spectrum calculated
from n=25,000 spectra constituting the Raman images analysed via TCA coupled with spectral demixing. The Raman
image has been acquired from the surface of a single PU MPs sample ('W n=1 and SW n=1).

317



Published articles and manuscripts

A Freshwater B. Seawater
1 A7 1 E - ¥y
2835
1157
; — : 1503-1520 117 677
1339 :
3010 157
1520-1526

”m -Wlwuwwn\wl"‘!é\"'\w\% sw4

iy
'Il‘ ) il

b 1 i et Ao ety EY 6
| |

I A i
ity Ip o P A S e FWY 5

ol
L) Hu Al '_ |J‘I |
) i f I 1 ’ Ihjllllil"'lwli\l‘l wﬂ{l#ﬂl‘wlli||"'VIW“J!H}. .lllﬂl sw3
o AN N, I
. i 3 ; l
L H \ 6 8
i L
2 'ph\frwm'ﬁ* WAty W Fw 2 £ |
5 i FW 1 " l A
8 Reﬁ;’gﬂce I 'I L R‘T:;rgnce
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500

——— Wavenumber/cm -1

Wavenumberfem-1

Figure S7: Molecular profiles of the plastisphere on the surface of ABS MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the
ABS incubated for 30 days with the inset representing the region of interest selected for imaging {2-7} False coloured
Raman images indicating the spatial and differential intensity distribution of the respective demixed spectral
components {8} Combined image inclusive of all demixed spectral components {9} Mean spectrum of the respective
demixed spectral components compared with the pristine ot reference ABS spectrum (Ref, FW 1-FWG6) (B.) SW
incubation {1} Bright field microscopic image of the surface of ABS incubated for 30 days with the inset representing
the region of interest selected for Raman imaging {2-5} False coloured Raman images indicating the spatial and
differential intensity distribution of the respective demixed spectral components {6} Combined image inclusive of all
demixed spectral components {7} Mean spectrum of the respective demixed spectral components compared with the
pristine ABS spectrum (Ref, SW 1-SW 4) The spectral components represent the respective mean spectrum calculated
from n=25,000 spectra constituting the Raman images analysed via TCA coupled with spectral demixing. The Raman
image has been acquired from the surface of a single ABS MPs sample (FW n=1 and SW n=1).
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Figure S8: Molecular profiles of the plastisphere on the surface of POM MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the
POM incubated for 30 days with the inset reptesenting the region of interest selected for imaging {2-6} False coloured
Raman images indicating the spatial and differential intensity distribution of the respective demixed spectral
components {7} Combined image inclusive of all demixed spectral components {8} Mean spectrum of the tespective
demixed spectral components compared with the pristine or reference POM spectrum (Ref, FW 1-FW5) (B.) SW
incubation {1} Bright ficld microscopic image of the surface of POM incubated for 30 days with the inset representing
the region of interest selected for Raman imaging {2-4} False coloured Raman images indicating the spatal and
differental intensity distribution of the respective demixed spectral components {5} Combined image inclusive of all
demixed spectral components {6} Mean spectrum of the respective demixed spectral components compared with the
pristine POM spectrum (Ref, SW 1-SW 3) The spectral components represent the respective mean spectrum calculated
from n=25,000 spectra constituting the Raman images analysed via TCA coupled with spectral demixing. The Raman
image has been acquired from the surface of a single POM MPs sample (FW n=1 and SW n=1).
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Figure 89: Molecular profiles of the piastisphere on the surface of PC MPs incubated in FW and SW as
revealed by micro-Raman imaging (A.) FW incubation {1} Bright field microscopic image of the surface of the PC
incubated for 30 days with the inset representing the region of interest selected for imaging {2-7} False coloured
Raman images indicating the spatial and differential intensity distribution of the respective demixed spectral
components {8} Combined image inclusive of all demixed spectral components {9} Mean spectrum of the respective
demixed spectral components compared with the pristine or reference PC spectrum (Ref, FW 1-FW6) (B.) SW
incubation {1} Bright field microscopic image of the surface of PC incubated for 30 days with the inset representing
the region of interest selected for Raman imaging {2-7} False coloured Raman images indicating the spadal and
differential intensity distribution of the respective demixed spectral components {8} Combined image inclusive of all
demixed spectral components {9} Mean spectrum of the respective demixed spectral components compated with the
pristine POM spectrum (Ref, SW 1-SW 6) The spectral components represent the respective mean spectrum calculated
from n=25,000 spectra constituting the Raman images analysed via TCA coupled with spectral demixing. The Raman
image has been acquired from the surface of a single PC MPs sample (FW n=1 and SW n=1).
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